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GLOSSARY 
1. Bactericidal: chemical that can kill or inactivate bacteria. Such chemicals may be 
called variously depending on the spectrum of activity, such as bactericidal, 
virucidal, fungicidal, microbicidal, sporicidal, tuberculocidal or germicidal. 
2. Bactericidal effect: An antimicrobial that kills a microorganism (or, more 
specifically, a bacterium) is said to be bactericidal. 
3. Bacteriophage: a virus whose host is a bacterium, commonly called phage. 
Following is listed common bacteria and their viral parasites: E. coli ATCC 11303/ 
phage T4, E. coli E. coli ATCC 15597/ phage MS2, E. coli 
ATCC 13706/ phage X174. 
4. Disinfectant: A disinfectant is a chemical or physical agent that is applied to 
inanimate objects to kill microbes. 
5. Disinfection: Disinfection means reducing the number of viable microorganisms 
present in a sample. Not all disinfectants are capable of sterilizing, but, of course, all 
disinfectants are employed with the hope of disinfecting. 
6. Disinfection by-products, DBPs: disinfectants, such as chlorine, react with a 
number of chemicals present in the water or wastewater. Some of these by-products 
are dangerous to health, while others are disinfectants.  
7. Inactivation: the destruction of biological activity, as of a bacteria or a virus, by the 
action of pressurized CO2 bubble or disinfectants. 
8. Microbubble: an extremely bubble, usually only a few hundred micrometers in 
diameter.  
9. Pressurized: in a pressure device that the pressure inside different from the pressure 
outside.  
10. Pressurized CO2: CO2 gas is dissolved in water in a pressurized condition 
11. Sterilization: Sterilization is the killing of all microorganisms in a source of water, a 
media, a material or on the surface of an object. 
12. Virucidal: having the capacity to or tending to destroy or inactivate viruses. 

ABSTRACT 
There is increasing concern that conventional disinfection methods are 
being disadvantaged with hazardous by-products (chlorine, ozone), high cost, 
complicated setup and high maintenance (UV, membrane, advanced oxidation 
 Latest technologies of water disinfection must develop from 
exploiting of advantages of conventional methods and eradicating their 
handicaps. For this, our study relies on transferring the antiseptic of carbon 
dioxide effectively used in food preservation to wastewater and water 
disinfection as a novel finding. Accordingly, the inactivation effects of 
pressurized CO2 microbubbles on disinfection efficiency against 
microorganisms (including bacteria and viruses) and other related aspects of 
the pH role by dissolved CO2 in inactivation mechanism, temperature, pressure 
and environmental water samples were investigated.  
 These present results confirm previous findings in the field of food 
preservation and contribute additional evidence that suggests pressurized CO2
may be applied in water treatment. For example, under identical treatment 
conditions at 0.7 MPa and room temperature, a greater than 5.0-log reduction 
in E. coli was achieved by CO2, while a nearly 4.0-log reduction for phage T4, 
over 3.3-  and approximately 3-log for phage MS2 
. The decrease of pH in water and high 
diffusivity of dissolved gas induced by treatment with CO2 is considered to be 
the most effective factor leading to its microbicidal effects. In addition, 
intracellular release of proteins and nucleic acids and cell damage under SEM 
observation supported clearly to microorganism deaths. Increasing pressure 
and temperature leads to the adjustment of CO2 state and have a strongly effect 
on the microbicidal efficiency. However, the suitable operating conditions 
found in this study are the pressure of 0.7 MPa and a temperature range from 
20 C to 25 C. Finally, a little difference of inactivation effect between the 
real wastewater and laboratory wastewater (distilled water and artificial 
wastewater) revealed that this method has the potential application for water 
treatment. A secondary disinfectant such as chlorine, chloramines or chlorine 
dioxide may be used with pressurized CO2 for a complete disinfection system. 
 These findings were originally inherited from the discoveries of using 
high pressure CO2 to inactivate pathogens in food industry. Carbon dioxide on 
the other hand is safe to handle (it becomes active only when dissolved in 
water, no special alloy or plastic distribution piping is required for CO2 system, 
CO2 leaks dissipate safely into atmosphere) easy to apply, efficient, relatively 
low toxicity and naturally abundant. Whilst the present disinfecting methods 
are facing to the problems with disinfection by-products, use of pressurized 
CO2 for the target inactivation of pathogens does partially substantiate no 
forming the residual toxicity. The current research was not specifically 
designed to evaluate factor related to intracellular pH of inactivated cells as 
well the continuous system. The issue of successful inactivation by CO2
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1.1. PROBLEM STATEMENT 
In current years, the drinking water industry and wastewater treatment have focused 
much attention on waterborne disease. Water security faces to overwhelming water demand, 
increasing resistance of pathogens to disinfection, increasing population densities and the 
resulting growth in agricultural, industrial, and human waste discharge that water receives 
increasingly make clean and safe water a very valuable resource. 
Recently, other waterborne emerging pathogens, such as viruses, bacteria, fungi, 
nematodes, cysts, as well as algae have been shown to have the potential to induce disease 
in humans. So far, Chlorine is the most widely used disinfectant to treat both water for 
human consumption and to treat wastewater prior to discharge. Chlorination has become the 
standard method to removing harmful organisms from water because it is simple, highly 
reliable, low in cost, easy to use. Especially, chlorine can be employed to every scale of 
water treatment and has been shown to be extremely effective in inactivating the waterborne 
pathogens that cause many diseases. However, the by-products from chlorine treatment are 
the ones that have been most extensively identified and their toxicity assessed. There are 
alternatives for chlorine: membrane filtration, ultraviolet (UV) radiation, bromine, iodine, 
ozone, and heat treatment, among others. Each of the used disinfectants has its advantages 
and disadvantages in terms of cost, efficacy, stability, ease of application and formation of 
by-products (Tab 1.1). For disadvantage examples, disinfection via UV radiation requires 
the water to be free of turbidity (suspended particles) and the UV-absorbing organic matter; 
the pH of water is important in application of chlorine; Ozone and chlorine dioxide are both 
produced on-site because they are unstable for storage. For ozone and UV radiation the cost 
primarily involves the equipment cost and the power cost for operation of the equipment. 
For chlorine dioxide the chemical cost, the equipment cost and the power cost have to be 
taken into consideration. Membrane filtration requires high cost, maintenance and 
complicated operation. 
Table 1. 1. Advantages and disadvantages of conventional disinfectants 
Disinfectants Advantages  Disadvantages 
Chlorine Very effective against bacteria and viruses; stable, very good residual 
Not effective against 
Cryptosporidium; forming 
protection; highly economical. halogenated by-products; gaseous 
chlorine is a hazardous process; 
taste and odor problems,  
Chloramines 
Stability and persistence; lower 
levels of DBPs; good residual 
protection, less taste and odor; 
effective in controlling biofilms. 
Weak in inactivation of viruses 
and protozoa; excess ammonia 
used cause nitrification. 
Ozone 
Effective disinfection with less 
contact time and concentration; no 
halogenated DBPs (THMs and 
HAAs); high effectiveness against 
bacteria, viruses and protozoan 
cysts; good taste, color and odor 
control. 
Not residual in the distribution 
system; require secondary 
disinfection; harmful DBPs with 
bromates, aldehydes and ketones; 
high cost for operation and 
maintenance;  maintenance and 
operator skill; require off-gas 
destruction;  
UV light 
High effective against bacteria, 
Giardia and Cryptosporidium; less 
costly than ozone and chlorine 
dioxide; No concerns with respect 
to interactions with pipe material; 
no known formation of DBPs 
(THMs, HAAs, bromate, 
aldehydes, ketoacids) 
Higher dose is required; no 
residual protection; difficult to 
monitor equipment performance 
and measure germicidal dose. 
Chlorine 
Dioxide 
Effective against a wide range of 
pathogens; Does not form 
halogenated by-products. 
Less stable than other chlorine 
species; low efficiency at low 
temperature; must be generated 
on-site; high chemical costs; be 
explosive at high temperature and 
pressure; decomposes on 
exposure to sunlight and UV;  
Membrane 
filtration 
High effective to remove bacteria 
and other microorganisms, 
particulate material, natural 
organic material;  
High capital and operating cost 
and complexity operation and 
maintenance; High level of 
pretreatment is required; prone to 
fouling 
For water utilities to continue providing safe drinking water in the future and attempts to 
overcome the most serious disadvantages of the conventional disinfection, one question is 
that needs to find new discoveries for killing or removing infectious agents. Many observers 
have especially drawn attention to high pressure carbon dioxide (HPCD) as a potential 
solution for wastewater and water treatment despite of earlier attempts investigated for 
1.2. OBJECTIVES 
HPCD is proposed as a promising alternative technology that can inactivate pathogens 
effectively in water and be an acceptable solution by its common characteristics and 
successful studies in food preservation and sterilization. According to food researchers, 
pressurized CO2 may be more effective in media with high water content. Moreover, CO2
solubility in water becomes easily and faster if supported under a pressure system. 
Microbubble technique is assessed to bring back the high contact efficiency between water 
and gas. From these reasons, this dissertation is investigated to resolve the followings: 
To review the recent research concerning the usefulness of using pressurized 
CO2 for removing pathogens in food preservation and water treatment, 
To evaluate and validate inactivation effect of CO2 against Escherichia coli cells 
in water by a system generating pressurized microbubbles, the role of pH caused by 
dissolved CO2, inactivation mechanism of CO2 treatment, 
To determine whether high pressure CO2 can remove viruses in water, 
assessment of temperature and pressure effect by CO2 treatment, 
To assess the inactivation effect of pressurized CO2 to environmental water 
samples; analyze the inactivation rate of CO2 treatment to E. coli and viruses; give a 
potential base for application via the comparison with other disinfection methods.  
1.3. SCOPE OF RESEARCH AND APPROACH METHODS 
In limitation of dissertation, this study is designed to accomplish each of above 
objectives by the following approaches: 
For overview of the area of using high pressure carbon dioxide in disinfection, 
all articles reviewed for this study are retrieved from many different sources, such as Scopus 
abstract system, Web of Sciences TM 
A pressure batch apparatus to produce microbubbles was developed from the 
previous studies (Imai et al. 2008; Cheng et al. 2011) to adopt for the operating condition up 
to 1MPa.  
In order to elucidate the inactivation role of CO2, the distilled water was used as 
a media for microorganisms in analysis and water sample for experimental apparatus. 
Beside that, determining inactivation effect of high pressure carbon dioxide, a series of 
measurements from other pressurized disinfectants (N2O, N2, CO2) and different indicator 
microorganisms (E. coli hosts, bacteriophages) was performed for target assessment. The 
detail characteristics of these agents are showed in Chapter 3 in this dissertation. 
For counting the cells or phages inhibited by CO2 treatment and the survival 
microorganisms, colony-forming units (CFU) method and plaque phage assays 
(Debartolomeis et al, 1991) using double layers of agar on plates were done.  
To understand how the pH caused from dissolved CO2 can inactivate 
microorganisms and give an explanation for inactivation mechanism, a comparison with 
various acidic pressurized systems was performed, including the neutral media of nitrous 
oxide (N2O), a normal acidic environment (the air/ HCl), the buffering system (CO2/PBS 
solution) and the only CO2 treatment. The release of intracellular substances (proteins and 
nucleic acids) from inactivated cells was measured according to the procedure of 
identification of UV-absorbing substances used by Kim et al. (2008a). In addition, the 
photos of scanning electron microscopy (SEM) were taken to observe destroy of cell surface. 
This method was prepared by adapting the procedure used by Kim et al. (2008b).  
In order to assess the inactivation effect of CO2 treatment to different 
environmental water samples, microorganism suspensions in distilled water, artificial 
ground water, the effluent wastewater were used.  
1.4. STRUCTURE OF DISSERTATION 
The dissertation structure has been divided into six chapters. The content of each chapter 
has been organized in the following ways: 
The chapter one first gives a brief introduction why and how this dissertation has 
been investigated.  
The next chapter begins with the overview of published journals about using 
high pressure carbon dioxide in the food area and reviews the evidence of their successful 
investigations and gives the reasons why CO2 should be continued to study in wastewater 
and water treatment.  
Chapter 3 describes by laying out the comparison design of CO2, N2O and N2 to 
inactivation effect against E. coli. A mechanism of CO2 inactivation is also expressed in this 
section.  
Chapter 4 assesses the disinfection performances of CO2 treatment against the 
different bacteriophages, temperature and pressure effect to E. coli and phages.  
Chapter 5 describes the potential application of pressurized CO2 treatment to 
environmental water samples and shows the inactivation rates to different microorganisms.  
Finally, this chapter summarizes all obtained results in dissertation and gives a 
further outlook trend.  
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The purpose of next chapter is to review recent research into the high 
pressure carbon dioxide. This section begins with the overview of published 
journals about using high pressure carbon dioxide in the food area and reviews 
the evidence of their successful investigations and gives the reasons why CO2
should be continued to study in wastewater and water treatment. 
CHAPTER II 
POTENTIAL APPLICATION OF HIGH PRESSURE CARBON 
DIOXIDE IN WATER AND TREATED WASTEWATER 
DISINFECTION: RECENT OVERVIEW AND FURTHER TRENDS 
2.1. ABSTRACT 
 Recent disadvantages in conventional disinfection have heightened the need for 
finding the new solution. Developments in the field of using high dense carbon dioxide for 
food preservation and sterilization have led to a renewed interest in wastewater and water 
disinfection. Pressurized CO2 is one of the most investigated methods of antibacterial 
techniques and extensively used for decades to inhibit pathogens in dried food and liquid 
products. This study reviews the literature concerning the usefulness of using CO2 as a 
disinfecting agent. In the contents that follow, it will be argued that the successful 
applications and high effectiveness of CO2 treatment in liquid foods open a potential 
opportunity to water disinfection. Moreover, this helps to seek to address overcoming the 
recent emerging problems in water disinfection.  
Keywords: high dense carbon dioxide, high pressure CO2, inactivation effect, inactivation 
mechanism, CO2 microbubble, pressurized CO2.  
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2.2. INTRODUCTION 
For nearly a century, chlorine has played a major role in standards for water 
disinfection in Europe, the United States, and other countries around the world. The low 
cost and effectiveness of chlorination provide it with an advantage over other disinfectants. 
However, chlorine can combine with other chemicals in water to generate cancer-causing 
by-products. Another chemical disinfectant, ozone, which has been successfully used for 
decades to eradicate viruses, Giardia, Cryptosporidium, and other known pathogens is 
expensive and leads to the formation of disinfection by-products (DBPs) and non-residual 
disinfectants. Physical disinfectants such as ultraviolet (UV) irradiation, electronic radiation, 
ultrasound, and heating have been applied to replace conventional methods. UV irradiation 
has long been considered an effective primary solution for emerging pathogens and DBPs; 
however, its disinfecting activity depends on water characteristics (turbidity, pathogen 
population, hardness) and wavelength intensity.  
Figure 2. 1. Total studies investigated related to using high pressure carbon dioxide in food 
disinfection area and water treatment.  
Pressurized CO2 has been applied to inhibit pathogens in food as a cold 
pasteurization (Garcia-Gonzalez et al., 2007). Numerous studies have explored the 
bactericidal effect of CO2 on microbial growth. The discoveries about scientific evidence for 
HPCD inactivation has rated unabated for more two recent decades, especially from 2007 to 
present (Fig. 1.1). While there are nearly 200 published journals, this issue has grown in 
importance in light of recent food preservation.  
Figure 2. 2. The distribution of all studies investigated related to high pressure carbon 
dioxide inactivation in dry media, liquid and water.  
Most studies in using pressurized CO2 have been carried out in three separate areas: 
dried food, liquid food and water treatment (Fig. 2.2). On the figure 2.3, the research to 
2009 has tended to focus on food sterilization rather than water disinfection. So far this 
method has only been applied to food. However, far too little attention has been paid to 
water disinfection since the first study of Kobayashi. (2007) has successfully attained in an 
attempt of transferring from food disinfection to water disinfection. In recent years, there 
has been an increasing interest in water treatment (Kobayshi et al. 2007, 2009, 2010; Cheng 
et al. 2011) and using pressurized CO2 has subscribed to the belief that use the advantages 
of conventional methods while eradicating their adverse effects should be developed.  
Figure 2.3. The trend forecast of studies relative to HPCD application.  
 2.3. EFFECT OF HIGH PRESSURE CARBON DIOXIDE (HPCD) ON 
MICROBIAL DISINFECTION 
Many species of microorganisms including gram-negative and gram-positive 
bacteria, and bacterial spores have been subjected to CO2 treatment under various operating 
conditions. The use of supercritical CO2 is also of great interest for the inactivation of 
microorganisms (Kuhne and Knorr. 1990). Pressurized CO2 has been found to inhibit 
various microorganisms (bacteria, molds, yeast) (Haas et al. 1989). 
2.3.1. Escherichia coli inactivation. 
Since E. coli has successfully been inhibited by pressurized CO2 in the first study 
(Fraser. 1951), numerous investigations, at least 20 studies, have attempted to explain the 
relationship the inactivation effect of CO2 and the cell death of E. coli (Tab. 2.1). Kamihira 
et al. (1987) found that E. coli suspended in distilled water was killed to 5.1 log by high-
pressure CO2 treatment at 20 MPa and 35°C for 120 min, while Haas et al. (1989) found 
that same treatment time this method killed to 6.3 log of E. coli cell suspended in culture 
broth. Dillow et al. (1999) confirmed the complete and high inactivation of a wide variety of 
bacterial organisms, especially E. coli, in response to supercritical fluid CO2 applied in the 
absence of organic solvents or irradiation. Schmidt et al. (2005) and Cinquemani et al. 
(2007) have found that E. coli was completely inhibited with the 5-7 MPa in only 20 min. 
Moreover, an increase of pressure, temperature, or treatment time enhanced the 
antimicrobial effect of CO2 under pressure against Escherichia coli (Kamihira et al. 1987; 
Dillow et al. 1999; Wu et al. 2007; Kobayashi et al. 2007, 2009; Garcia-Gonzalez et al. 
2010). So far using of pressurized CO2 has been widely investigated (Wu et al. 2007; 
Kobayashi et al. 2007, 2009; Jung et al. 2009; Garcia-Gonzalez et al. 2010; Klangpetch et al. 
2011, 2012; Cheng et al. 2011).  
Table 2. 1. Effect of  high pressure carbon dioxide on Escherichia coli (a negative 
gram bacteria) disinfection 




log Solution References 
1 3.5 37-38 3 1.6 Synthetic medium Fraser (1951) 
2 4 20 120 3.9 Distilled water 
Kamihira et al.
(1987) 10 35 120 4.2 
20 35 120 5.1 
3 6.2 Room Tempt. 120 6.3 
Nutrient 
broth Haas et al. (1989) 
4 
31.03 35 40 3.5 PBS Sirisee et al.
(1998) 31.03 42.5 180 1 Ground beef system 











11 38 45 8.6 
14 34 60 8 GM (no water) 




7 10 30 50 7.5 Nutrient broth 
Erkmen et al.
(2001) 
8 20 34 10 2.5 Sterile water 
Spilimbergo et al.
(2003) 














7.8 45 60 8.5 
Aqueous 
solution Wu et al. (2007) 
7.8 35 60 8 
7.8 25 60 5.5 
7.8 35 30 4.3 
4.9 35 60 5 
2 35 60 2.3 




2 40 60 6 
PS Kobayashi et al.(2009) 
1 40 60 5 
0.5 40 60 4.5 
atmosphere 40 60 0.2 
2 40 30 6 
2 35 30 4.5 
2 30 30 1.4 
2 25 30 0.2 
14 20 45 15 7 Jung et al. (2009) 
15 10.5 35 20 3 Microbial suspension 
Garcia-Gonzalez 
et al. (2010) 10.5 35 10 1.5 
21 35 10 3.5 
21 45 10 4 











1 55 1 0.5 without glucose 
18 0.3 RT 20 4.8 DW Cheng et al.(2011) 





PS  Physiological Saline, DW Distilled water, RT Room Temperature 
* low pressure carbon dioxide treated suspension and heating in 1 min 
2.3.2. Gram-positive bacteria inactivation 
Several studies have revealed that high pressure carbon dioxide is effective not just 
gram-negative bacteria (E. coli) that acts on variety of gram-positive bacteria (Tab. 2.2). The 
cell deaths of Listeria monocytogenes, Bacillus cereus and S. aureus (from 7 to 9 log) 
caused by high-pressure CO2 were conducted by many studies (Wei et al. 1991; Lin et al. 
1994; Ishikawa et al. 1997; Sirisee et al. 1998; Erkmen. 2001; Spilimbergo et al. 2002, 2003, 
2010; Kim et al. 2008). Kobayashi et al. (2012) draws the attention to inactivation effect by 
pressurized CO2 bubbles. In his major study, Kobayashi identifies Lactobacillus 
fructivorans was inhibited to 6 log with the only 2 MPa, 40ºC in 50 min.
Table 2. 2. Effect of  HPCD on gram-positive bacteria inactivation 






log Solution References 
1 6.18 35 120 Listeria monocytogenes 8.9 DW 
Wei et al.
(1991) 





3 5 35 15 Lactobacillus brevis 2 PS 
Ishikawa et 
al. (1995) 




30 55 60 Bacillus subtilis 6 
PS Ishikawa et al. (1997) 30 50 60 Bacillus cereus 6 
30 60 30 Bacillus cereus 6 
6 
31.03 35 30 S. aureus 7 PBS 
Sirisee et al.




7 5 RT 200 Enterococus faecalis(+G) 1 
Debs-Louka 
et al. (1999) 
8 6.05 45 15 Enterococcus 8 PS (pH: 6.15) 
Erkmen et al.
(2000) 
9 6 45 60 L. monocytogenes 7 PS (pH: 6.8) 
Erkmen et al.
(2001) 6.05 25 50 L. monocytogenes 7 
10 7.4 38 2.5 Bacillus subtilis 7 PS Spilimbergo et al. (2002) 
11 20 34 10 S. aureus 3.5 Sterile water 
Spilimbergo 
et al. (2003) 
12 
6.5 35 10 Bacillus coagulans 6 
DW Watanabe et al. (2003) 
6.5 35 10 Bacillus licheniformis 7 
30 95 120 Geobacillus stearothermophilus 5 
13 20 40 900 B. cereus 1.5 PS Spilimbergo et al. (2003) 20 40 1440 B. cereus 3 
14 






(2006) 27.5 60 120 4.5 
27.5 60 240 6.3 
15 20 40 1.7 Lactobacillus fructivorans 6 
Tanimoto et 
al. (2007) 
16 5 65 60 Micrococcus luteus Complete Textile 
Cinquemani 
et al. (2007) 
17 8-15 35-45 10-50 Listeria monocytogenes 8* PBS 
Kim et al.
(2008) 
18 6.8 25 10-20 Listeria monocytogenes 3 
Spilimbergo 
et al. (2010) 
19 
2 40 60 Lactobacillus 
fructivorans 
5 PBS (pH:4) Kobayashi et 
al. (2012) 2 40 50 6 PS 
2 40 60 5 Sake 
RT Room Temperature, PS Physiological Saline, DW Distilled water, PBS Phosphate buffer solution 
* max reduction log 
2.3.3. Saccharomyces cerevisiae (yeast) inactivation. 
Many studies investigating high pressure carbon dioxide inactivation has been 
carried out on Saccharomyces cerevisiae, one kind of common yeast (Tab. 2.3). Nakamura 
et al. (1994) developed a novel sterilization method in which CO2 completely destroyed wet 
4 MPa and 40°C for more than 3 h. It is noteworthy 
that at the room temperature, 2 log of S. cerevisiae was killed by CO2 treatment under 5 
MPa (Debs-Luoka et al. 1999). A significant reduction ratio of 8 log was attained at 6 MPa, 
40ºC (Kumugai et al. 1997), 7.8 MPa at 35ºC (Wu et al. 2007), 13 MPa at 50ºC (Ferrentino 
et al. 2010). In 2010, Ferrentino et al, published a paper in which they described inactivation 
effect at different temperatures (35-50 ºC) and pressures (7.5-13 MPa) and the results show 
that high effectiveness of inhibition is enhanced under higher temperature and pressure. 
Table 2. 3. Effect HPCD on Saccharomyces cerevisiae disinfection 




log Solution References 
1 
4 20 120 0.1 
DW Kamihira et al.(1987) 10 35 120 3.9 
20 35 120 6.3 
2 6.9 35 15 7 Growth medium Lin et al. (1992) 
3 4 40 180 8 Water Nakamura et al.(1994) 
4 5 35 15 3 PS Ishikawa et al.(1995) 
5 6 40 240 8 Water Kumugai et al.(1997) 15 40 60 8 
6 4 40 240 6.8 DW Enomoto et al.(1997) 
7 6 35 15 5.7 Physiological Saline 
Shimoda et al.
(1998) 






9 7.4 38-40 10 5.8* PBS Spilimbergo et al. (2003) 
10 6.9 35 5 3.3 Grape juice Gunes et al.(2005) 
11 10 36 30 3.4 Apple juice Spilimbergo et al. (2007) 20 36 30 4 
12 7.8 35 30 4.6 Aqueous solution Wu et al. (2007) 7.8 35 60 8.8 
13 10 36 10 1 Peptonated sterile water 
Spilimbergo et 
al. (2009) 10 36 30 3 
14 
7.5 35 20 2.5 
DW Ferrentino et al.(2010) 
10 35 20 3 
13 35 20 4 
7.5 40 20 4.5 
10 40 20 6 
13 40 20 7.5 
7.5 50 20 5 
10 50 20 7 
13 50 20 8 
7.5 50 20 3 PBS 
7.5 50 20 5 DW 
RT Room Temperature, PS Physiological Saline, DW Distilled water, PBS Phosphate 
buffer solution 
* max reduction log 
2.4. FACTORS AFFECTING TO INACTIVATION EFFECT OF HIGH 
PRESSURE CO2 TREATMENT 
2.4.1. Influence of pressure and temperature on HPCD treatment 
 Pressure and temperature changed leads to the adjustment of CO2 state and have a 
strongly effect on the microbicidal efficiency. Increased pressure accelerates the CO2
diffusivity into cell membrane and its solubility in cell cytoplasm. At the same effect of 
reduction ratio of microorganism, increasing working pressure made a shorter exposure time 
to treatment process (Kumugai et al. 1997; Erkmen. 2000c; Garcia-Gonzalez et al. 2010). 
However, the exceed pressure does not increase strongly to bacterial deaths due to saturation 
limitation of CO2 in suspension phase (Spilimbergo et al. 2003). Whereas, temperature 
plays an important role in enhancing to contact efficiency between CO2 and cell membrane, 
high temperature makes a major change the physical state in CO2 transportation, such as low 
viscosity and high fluidity through the cells (Oulé et al. 2006). Moreover, at high 
temperature proteins are easy to be denatured and the components of external membrane are 
disintegrated and broken down, CO2 molecules are facilitated to penetrate into lipid phase 
and cytoplasm. Most of recent studies found that increasing temperature lead to a high effect 
on microorganism inactivation (Kamihira et al. 1987; Dillow et al. 1999; Zhang et al. 2006; 
Wu et al. 2007; Kobayashi et al. 2009; Garcia-Gonzalez et al. 2010; Ferrentino et al. 2010). 
However, rising temperature makes the CO2 solubility in water decrease, an increase in 
temperature may be considered in the point of optimum operation condition. Both 
temperature and pressure need to be determined depending on real state and each target 
microorganism via experiment. 
2.4.2. Water effect on HPCD treatment. 
Water makes cell bodies distend and CO2 penetrate into cell membrane easily. In 
addition, water hydrates CO2 to carbonate, bicarbonate and hydrogen ions changing the 
characteristics of CO2 molecules leads to increase inactivation effect strongly. Membranes 
and cell wall may be enlarged due to presence of water to attract CO2 gas and this improves 
the modification of biological obstacles. It is found that water under 0.2 g/g dry matter cause 
no cell death of S. cerevisae and the inactivation rate increases with high water content in 
suspension (Kumugai et al. 1997).  
Figure 2. 4. Inactivation effect of HPCD on different bacteria by Kamihira et al. (1987) and 
Debs-Louka et al. (1999). 
Microbicidal effect rises significantly with addition of more water volume. For 
example, Kamihira et al. (1987) found that microorganisms were inhibited nearly 4 log (E. 
coli, S. aureus) and 6 log (S. cerevisiae) when water content changed from 2-10 % to 70-
90% (Fig. 1.4). Whereas, a little change of water content (from 6% to 37%) in study of 
Debs-Luoka et al. (1999), inactivation ratio of E. coli and S. cerevisiae increased strongly, 
4.5 log and 2.5 log, respectively. Table 2.4 shows the results of other studies that 
inactivation effect of pressurized CO2 was proved to be the most effective in a combination 
of water.  











6.2 RT 120 E. coli 
61% 75% Haas et al.
(1999) 91% 99.96% S. aureus 61% 75% 
91% 99.99% 
14 34 60 30 E. coli 
no water 8 Dillow et 
al. (1999) with water 8 
7 20 15 E. coli dry small  Schmidt et al. (2005) with water complete 
5 20 60 
E. coli 
dry 
(textile) Small Cinquemani 
et al.
(2007) 




with water complete 
RT Room Temperature 
2.4.3. Effect of combination processes and pressurized systems 
The lethal effect of high pressure CO2 may be improved when treated with the 
combination of other methods (Tab. 2.5), such as: pulsed electric field (Spilimbergo et al.
2003b), high hydrostatic pressure (Park et al. 2002), additives (Lin et al. 1992; Zhang et al.
treatment time to the determined level of microorganism.  
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(6.28 log B. 
pumilus) 
Pressurized systems make a highly efficient contact between CO2 and water. Rapid 
saturated time of dissolved CO2 is more effective in microbial inactivation. The continuous-
flow system, pressurized CO2 in a semi continuous process or micro-bubble reactor were 
found to achieve a greater efficiency in microorganism inactivation than the batch systems 
(Ishikawa et al. 1995; Shimoda et al. 1998; Debs-Luoka et al. 1999).  
2.4.4. Treatment time, pressure cycling, microbial type, depressurization rate. 
Treatment time: Inactivation rate increases with an increase of exposure time to 
treatment. Curves of the relationship between microbial inactivation and treatment time are 
usually expressed for this. For examples, E. coli and E. faecalis inactivation were indicated 
to be linear correlation with pressurized CO2 (Debs-Luoka et al. 1999). Whereas, a two - 
stage inactivation kinetics, low in first stage and fast in second stage, was found to 
inactivate microorganisms (Lin et al. 1991 & 1992; Erkmen. 2000 & 2002; Ballestra and 
Cuq. 1998; Enomoto et al. 1997b).  
Pressure cycling: Pressure cycling is relative to repeated process of release and 
compression and a promising method to enhance deactivation of microorganism. While 
release cycle enhances the cell rupture, compression cycle enhances to transfer CO2 into the 
cell membrane.  The cells can be burnt due to explosive mechanism to nearly 1 log only 
after 2 pressure cycles (Fraser. 1951). Inactivation effect attained a significant reduction 
from 3 log (after 3 cycles) to 9 log (after 6 cycles) at 20.5 MPa, 34C in 0.6 h (Dillow et al.
1999). Spilimbergo et al. (2002) found that at pressure cycling of 30 cycles/h, P= 8 MPa, at 
36ºC for 30 min, a 3.5 log reduction of B. subtilis spores was achieved, while a treatment at 
36ºC, 7,5 MPa for 24h only resulted in 0.5 log reduction without pressure cycling.  
Microbial type: Different cell wall structures of microorganisms may influence
and differ in their resistances to inactivation effect by CO2 treatment (Mun et al. 2011, 
2012; Debs-Luoka et al. 1999). Gram positive bacteria having thicker peptidoglycan layer 
than gram negative bacteria is less susceptible to CO2 (Dillow et al. 1999; Zhang et al, 
2006).  
Depressurization rate: Depressurization concerns to sudden change of working 
pressure and this modifies physically to the psychology of cells leading to bacterial deaths 
or injure. Some authors concluded that decompression rate is one important factor to 
inactivation due to expansion of CO2 into the cells (Fraser et al. 1951; Lin et al. 1992a & 
1992b; Kumugai et al. 1997; Cheng et al. 2011). While others considered that it leads no 
significant effect to bacterial inhibition and the mechanical cell bursting did not happen (Li 
et al. 2013; Debs-Luoka et al. 1999; Nakamura et al. 1994). Enomoto et al.  (1997b) found 
that explosive depressurization with over 4 MPa has a strong effect to inhibition but not 
under 4 MPa. 
2.5.  MICROBICIDAL MECHANISM OF HPCD 
2.5.1. Disturbance by high dissolved CO2 in water 
Water will dissolve most molecular covalent substances like carbon dioxide. CO2 has 
nonpolar due to symmetry but there is the possibility of fairly strong interactions with water 
due to each oxygen's two lone pairs. These can donate electron density to the positive 
hydrogen ions on the water molecule in an analogous way to how water molecules hydrogen 
bond to each other.  
 Solution of air in water follows Henry's Law - "the amount of air dissolved in a fluid 
is proportional with the pressure of the system" - and can be expressed as: 
 C = Pg. 
 Where, C  : Solubility of dissolved gas, mol/L  
  : Proportionality constant (Henry's Law constant) depending on the 
nature of the gas and the solvent, (mol/L).MPa-1. 
  Pg  : Partial pressure of the gas, MPa. 
Henry's Law constant,  (CO2 gas, water solution) can be determined as: 
Where, : Henry's law constant for solubility in water at 298.15 K (mol/kg*MPa) 
 :  Temperature dependence constant (K) 
According to Lide and Frederikse (1995),  at 25oC (298oK) is 0.35 M/MPa and 
is 2400 (oK) 
But the dissolving of CO2 in water is actually more than just dissolving, it forms a 
equilibrium with water molecules to form carbonic acid H2CO3 and this also has equilibria 
with hydrogen carbonate HCO3- and carbonate CO32-. These ions have strong attractions to 
water molecules through hydration spheres, the same as any soluble ion. It is really this set 
of equilibria that gives CO2 its solubility, the actual concentration of CO2 (l) is quite low.  
Figure 2. 5. High dissolved carbon dioxide affecting to the microbial resistance. 
Equilibrium is established between the dissolved CO2 and H2CO3, carbonic acid. 
(1) CO2 (g)  CO2 (l)  
(2) CO2 (l) + H2O (l)  H2CO3 (l) 
This reaction is kinetically slow. At equilibrium, only a small fraction (0.2 - 1%) of the 
dissolved CO2 is actually converted to H2CO3. Most of the CO2 remains as solvated 







Carbonic acid is a weak acid that dissociates in two steps: 
(3) H2CO3 + H2O  H3O+ + HCO3-      pKa1  (25 °C) = 6.37   
(4) HCO3- + H2O  H3O+ + CO32-        pKa2 (25 °C) = 10.25
It is worth bearing in mind that the solubility of CO2 is strongly affected by temperature 
and pressure, less soluble in high temperatures and low pressures. Overall, formed H+
hydrogen ions make the chemical characteristics change and the lowered extracellular pH 
may prevent microbial growth (Hutkins and Nannen. 1993). External pH change may also 
reduce microbial resistance to inactivation because of enhanced energy demand to support 
pH homeostasis by the proton motive force (Hutkins and Nannen. 1993; Hong and Pyun. 
1999). 
2.5.2. Damage membrane 
Membrane which prevents harmful agents from its environment to keep bacteria 
survival consists of the basic compounds: lipopolysaccharides and phospholipids and 
becomes stable due to Mg2+ and Ca2+ cations. Driving the substance from one side of the 
membrane to the other is the force of diffusion. This must penetrate the hydrophobic core of 
the phospholipid bilayer. CO2 is a potential candidate for such a substance.  
Figure 2. 6. The penetration of pressurized CO2 through the cell membrane. 
Once the ionized disinfecting molecules like CO2, a non-polar gas, pervade into 
membrane, lipid phase may be dissolved and disturbed by these ions. The carbon dioxide 
penetrates the phospholipid bilayer without the aid of an intermediary molecule. The carbon 
dioxide molecules (3.4 Angstroms) are much smaller than the phospholipids (approximately 
20-50 Angstroms). CO2 molecules are very lipid soluble and transfer through cell 
membranes easily because formation of H+ and HCO3- causes acid-base changes. This 
agreed with findings of Kim et al. (2007, 2008), pressurized CO2, which was lipophilic 
nature, and easy to diffuse into the lipid bilayer with a low viscosity and high diffusivity, 
and then disordered the cell cytoplasm. This ease of CO2 movement does not cause 
differences in pH on the two sides of the cell membrane. Another factor of high pressure 
CO2, characteristics of cellular lipid extraction, led to the cell membrane surface collapsed 
and changed (Li et al. 2013).  
2.5.3. Intracellular pH lowering excessively with its buffering capacity 
Another cause leading to bacterial death is the lowered intracellular pH. After CO2
molecules getting into through cell wall and damaging the membrane structure of lipid, they 
continue to be accumulated inside and make the rapidly decreased intracellular pH. Most 
cells control pH inside themselves, they develop to adjust extracellular environment change 
due to buffering capacity of cytoplasmic interior, proton pumping system, bases and acids 
producing modification (Hutkins and Nannen. 1993). Once CO2 gas appears to a saturated 
level and hydrongen H+ ions are formed excessively, the homeostatic system of 
microorganism is changed, proton pumping to outside works so hard, cytoplasmic buffering 
capacity is limited, the cells does not produce bases to balance with H+ ions. Many authors 
indicated the lowered intracellular pH is an important factor to inactivation mechanism of 
microorganisms by CO2 treatment (Hutkins and Nannen. 1993; Hong and Pyun. 1999; 
Spilimbergo et al. 2005; Garcia-Golzalez et al. 2007). 
2.5.4. Metabolism alteration/ Inhibited enzymes 
Pressurized CO2 causing the lowered internal pH has a biocidal effect on the physiology 
change of the cells. The appearance of excessive CO2 breaks the metabolic chain in the 
decarboxylases and the vital biological processes such as glycolysis, H+-ATPase bounding 
with the membrane, amino acids and peptide transport, ion transport are inhibited 
significantly (Hutkins and Nannen. 1993; Haas et al. 1999; Hong and Pyun. 1999; 
Spilimbergo et al. 2002). Moreover, after CO2 molecules penetrating the intracellular 
cytoplasm, several catalytic enzymes are sensitive to this change and their activities are 
inhibited sharply (Garcia-Gonzalez et al. 2007). A lowering of intracellular pH may lead to 
precipitate some enzymes with an acidic isoelectric point (Ballestra and Cuq. 1998). The 
enzymes of lipases, several phosphatases, dehydrogenases, oxidases, amylases are 
considered to be well-reacted with pressurized CO2 leading to denaturation and loss of 
activity (Wimmer and Zarevucka. 2010).  
2.5.5. Restrain intracellular electrolyte stability and cytoplasmic leakage 
Intracellular inorganic electrolytes (Mg2+, Ca2+
cell activities, such as maintaining acid-base balance in the cell, the osmotic relationship 
between cells and extracellular media, generating action potential and graded potentials. 
Once the accumulation of CO2 increases, the essential formation of CO32- converted from 
HCO3- is precipitated. This leads the cell activities inhibited and these vital components 
become inactive for their growth (Lin et al. 1993). Hong and Pyun. (2001) indicated that a 
large number of the intracellular ions (Mg and K) and UV-absorbing substances from L. 
plantarum cells lost and released under CO2 treatment. To confirm this, Li et al. (2013) 
measured the electrical conductivity of supernatant from CO2 treatment. The result showed 
a significant increase of the conductivity due to contribution of Ca2+, Mg2+, Na+, K+ ions 
leaked from the cells.   
2.6.  MICROBUBBLE TECHNIQUES FOR HPCD APPLICATION IN WATER 
TREATMENT 
Recent years, many studies investigated on using high pressure carbon dioxide 
inactivation in a combination with microbubble producing techniques. The antimicrobial 
effects of the dissolved CO2 are enhanced with pressurizing microbubbles (Ishikawa et al, 
1997; Yoshimura et al. 2002; Shimoda et al.2002; Kobayashi et al. 2007, 2009, 2010, 2012). 
While an explosive mechanism of microbubbles was recommended by Cheng et al. (2011) 
that under sudden discharge, sharply collapsed working pressure burst the cell membranes. 
Takahashi et al. (2007) found an interesting explanation that under acidic conditions tiny 
microbubbles collapsed and generated the hydroxyl radicals (OH*). This is a strong oxidant. 
The promising discovery of this bactericidal effect should be continued to investigate in 
water disinfection. 
2.7. CONCLUSIONS AND FURTHER OUTLOOK 
This assignment has given an account of and the reasons for the widespread 
investigation of high pressure carbon dioxide in food preservation and sterilization. These 
findings reviewed in this study enhance our understanding of inactivation capacity of 
pressurized CO2 to microorganisms. CO2 used for food disinfection can be applied to dried 
food and liquid products. These findings from models with different operating conditions 
(pressure, temperature, microorganism, wat
of microorganisms were successfully inhibited under CO2 treatment. It was also shown that 
the reasons causing the bacterial deaths are explained by many different ways even though 
there has not given a specific unification for clearly inactivation mechanisms yet. One of the 
more significant findings to emerge from these studies is that the role of water is relative to 
the cell deaths. Food researchers provide important evidences with respect to the area of 
water disinfection that inactivation effect of HPCD seems to be better in high water content. 
The relevance of water disinfection by pressurized CO2 is clearly supported by high 
diffusivity of CO2 in wet media, well solubility under high pressure, low viscosity under 
high temperature. Microbubble producing technique in water is promising to become a great 
combination method with pressurizing CO2 for target disinfection. 
Finally, the current investigations were not specifically designed to evaluate factors 
related to water disinfection. Therefore, their successful results in food area open a potential 
opportunity for other fields. What is now needed is further studies involving wastewater and 
water treatment. These findings provide the following insights for future research: 
Elucidating the inactivation effect of CO2 nature in water. 
Current findings have thrown up many questions in need of further investigation 
about clear mechanisms. 
Research is also needed to determine the role pH caused by pressurized CO2 to the 
cell deaths. 
It would be interesting to compare inactivation effect of different gases within the 
same disinfecting agents. 
A further study could assess water disinfection effect of CO2 against virus
A future study investigating pressure processes with producing CO2 microbubbles 
may enhance inactivation effect.  
Considerably more work will need to be done to determine the CO2 effect in 
different environmental water samples (distilled water, buffered water, effluent 
wastewater, ground water, surface wat
Future trials should assess a disinfection performance of high pressure CO2
including biosolids. 
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One question that needs to be referred, however, is whether pressurized 
CO2 can be effective to inactivate pathogens in water or not? From the 
objectives at Chapter 1 and the evidences and successful investigations found 
in the previous chapter, next chapter describes by laying out the comparison 
design of CO2, N2O and N2 to inactivation effect against E. coli in distilled 
water. A mechanism of CO2 inactivation is also expressed for the cell deaths in 
this section  
CHAPTER III 
COMPARISON OF DISINFECTION EFFECT OF PRESSURIZED 
GASES OF CO2, N2O, AND N2 ON ESCHERICHIA COLI
3.1. ABSTRACT 
Based on the production of gas bubbles with the support of a liquid film-forming 
apparatus, a device inducing contact between gas and water was used to inactivate 
pathogens for water disinfection. In this study, the inactivation effect of CO2 against 
Escherichia coli was investigated and compared with the effects of N2O and N2 under the 
same pressure (0.3 0.9 MPa), initial concentration, and temperature. The optimum 
conditions were found to be 0.7 MPa and an exposure time of 25 min. Under identical 
treatment conditions, a greater than 5.0-log reduction in E. coli was achieved by CO2, while 
3.3 log and 2.4 log reductions were observed when N2O and N2 were used, respectively. 
Observation under scanning electron microscopy and measurement of bacterial cell 
substances by UV-absorbance revealed greater cell rupture of E. coli following treatment 
with CO2 than when treatment was conducted using N2O, N2 and untreated water. The 
physical effects of the pump, acidified characteristics and the release of intracellular 
substances caused by CO2 were bactericidal mechanism of this process. Overall, the results 
of this study indicate that CO2 has the disinfection potential without undesired by-product 
forming.  
Keywords: Escherichia coli, nitrous oxide, high pressure CO2, bactericidal effect, water 
disinfection 
3.2. INTRODUCTION 
 Various studies have been conducted to investigate the use of different disinfectants 
for inactivation of pathogens in wastewater and water treatment. For nearly a century, 
chlorine has played a major role in standards for water disinfection in Europe, the United 
States and other countries around the world. The economic and effective characteristics of 
chlorination disinfection make it a better choice for treatment than other disinfectants. 
Unfortunately, during chlorination, the chlorine combines with organic matter to generate 
carcinogenic by-products. Accordingly, the risks posed to human health by the use of 
chlorinated drinking water are uncertain at this time. Alternative techniques to improve by-
products releasing from the reaction of residual chlorines and ozone with organic materials 
during conventional disinfection have also been investigated (Richardson, 2011; Steve, 
2009). UV disinfection requires a preventive maintenance program and ozone treatment 
generates undesired disinfection by-products (DBPs) (Guus et al., 2007; Singer et al., 1993), 
while the membrane filtration process does not produce DBPs, but is a complicated 
disinfection process and quite expensive (EPA, 2001a). Recently, solar disinfection (David 
et al., 2012; Lee et al., 2009), ultrasound (Ayyildiz et al., 2011) and hydrodynamic 
cavitation (Mezule et al., 2010) have been reported as potential treatment technologies; 
however, further studies of alternative disinfectants or disinfection methods are needed. The
latest technologies for water disinfection should enhance the advantages of conventional 
methods and eradicate their shortcomings. This study attempted to accomplish this by 
transferring the antiseptic properties of carbon dioxide used in food preservation to 
wastewater and water disinfection. 
High pressure CO2 (4.0 50.0 MPa) has been found to effectively inactivate many types 
of pathogens (Ballestra et al., 1996; Dillow et al., 1999; Erkmen et al., 2001; Haas et al., 
1989; Kamihira et al., 1987). This method is dependent on contact between a liquid-film and 
the air (Imai et al., 2008), and involves the application of carbon dioxide to inactivate 
pathogens as a new disinfectant producing no by-products. More than 100 published 
journals in the area of food preservation have reported that high pressure CO2 caused 
efficient bactericidal effects, but an inactivation mechanism has not clearly been understood 
(Zhang et al., 2006). Thus, few studies have been conducted to investigate the use of 
pressurized CO2 to enhance antimicrobial treatment of wastewater and water. Kobayashi 
(2007, 2009) conducted one of the first studies to investigate the use of CO2 microbubbles to 
inactivate E. coli and coliforms within 13.3 min, but a supercritical pressure of 10 MPa and 
high temperature range (35 55°C) were needed to achieve the effective results. On the other 
hand, E. coli disruption by the combination of high temperature (55°C) with low pressure 
carbon dioxide at 1 MPa was reported by Klangpetch et al. (2011). However, these studies 
did not alleviate the need for conventional heat pasteurization. Enomoto (1997) concluded 
that the depressurization rate at less than 4 MPa led to no mechanical cell rupture, while the 
only 0.3 MPa was found to cause cell death (Cheng et al., 2011). Therefore, these findings 
did not reveal whether the chemical nature of CO2 or depressurization was related to the 
death of the E. coli cells. Low pH caused by CO2 dissolution is believed to have a 
bactericidal effect (Garcia- Gonzalez et al., 2007), and acidified CO2 has been found to more 
easily penetrate cell walls and the intracellular environment of bacteria to inhibit microbial 
growth (Haas et al., 1989; Hong and Pyun, 2001; Spilimbergo et al., 2002).  
This study was conducted to investigate the relationship between the reduction in pH of 
the liquid environment induced by CO2 applied at 0.2 1.0 MPa and pathogen inactivation. 
In addition, nitrogen (N2) and nitrous oxide (N2O) were used to provide a basis for 
comparison of bactericidal mechanisms involved in CO2 disinfection. Both N2O and CO2
have strong solubility in water and similar characteristics; however, CO2 leads to 
acidification of the solution and N2O leads to neutralization. Moreover, N2 has weak 
solubility in water. Therefore, these compounds were compared to determine whether CO2
or N2O led to its inactivation effects. In addition, the weak solubility of N2 was confirmed. 
The results of this study could facilitate the application of low pressure CO2, an innovative 
bactericidal disinfectant technique, to wastewater and water disinfection. 
3.3. MATERIALS AND METHODS 
3.3.1. Microorganism preparation and enumeration
 Escherichia coli (ATCC 11303) from stock cultures (American Type Culture 
Collection, Manassas, VA, USA) was used as a representative pathogen in this experiment. 
E. coli was propagated in flasks containing 100 ml Luria-Bertani (LB) broth (Wako 
Chemical Co. Ltd., Osaka, Japan) at 37°C with continuous shaking for 16 18 h at 150 rpm. 
The cell concentrations were then determined by plating aliquots of the culture onto LB agar 
(Wako) and incubating the samples at 37°C overnight. The number of colony-forming units 
(CFU) was subsequently counted on plates that contained 25 300 CFUs/plate. The initial 
enumeration was approximately 109 1010 -1 and cell suspensions were maintained 
in 20% glycerol at -80°C. All stock cultures were used within one month, and 1 100 mL of 
E. coli that had been incubated at 37°C and 150 rpm for 12 18 h was used for each 
experiment.  
3.3.2. Apparatus and procedure for inactivation
 The apparatus used for the experiment was designed to provide a high contact efficacy 
between the treatment gas and liquid (Imai et al., 2008) (Fig. 3.1). A nozzle and shield were 
set up inside the apparatus to strongly agitate the influent water. Highly dissolved treatment 
gas in water obviously developed inside the device. The initial temperature of 20 22°C was 
maintained throughout the experiment. 
 Figure 3. 1. Schematic diagram of apparatus used for microbial inactivation. 
 Microbial suspensions of low (100 200 L), medium (1 5 mL) or high (50 100 mL) 
concentration and 7000 mL of distilled water were mixed at room temperature to give the 
desired concentrations (low: 103 104 CFU/mL, medium: 105 106 CFU/mL and high: 107
108 CFU/mL), after which these mixtures were used as water samples that have been 
subjected to microbial contamination. Approximately 7000 mL of this wastewater was 
pumped into the device. During treatment, the flow rate was 13 15 l min-1 and the contact 
time was 25 min. At the beginning of the experiment, the treatment system, which can 
tolerate up to 1.0 MPa, was filled with treatment gas at 0.2 to 1.0 MPa. A blow down valve 
designed for low or rapid depressurization was used to collect the samples. Performance was 
judged based on the inactivation of E. coli at various pressures and concentrations. All 
experiments were conducted in triplicate. 
3.3.3. Inactivation mechanism assessment
 The bactericidal mechanism was judged by examining the pressurized microbubbles of 
N2, N2O and CO2 on E. coli leading to their different inactivation effects. As shown in Table 
3.1, the solubility and nature of N2 are much different from those of CO2, whereas N2O and 
CO2 have similar properties in terms of molecular weight, gas density, specific volume, 
critical pressure and temperature and solubility in water. N2O and CO2 have very similar 
features, with the only major difference being that a reduction in pH is caused by CO2 (CO2
+ H2 2CO3 + + CO32-) but not N2O ( . UV-absorbance 
and scanning electron microscopy (SEM) were used to evaluate the disinfection mechanism 
of CO2.  
Table 3. 1. Physical and chemical characteristics of inactivation gases. 
Properties CO2 N2O N2
a Molecular weight, g/mol 44.01 44.013 28.013 
a Gas density, 1.013bar at 15°C, kg/m3 1.87 3.16 1.185 
a Specific volume, 1.013bar at 21°C, 
m3/kg 
0.574 0.543 0.862 
a Critical temperature, °C 31.1 36.42 -147.0 
a Critical pressure, MPa 7.3825 7.245 3.3999 
a Solubility in water, 0.1013MPa, (25°C), 
g/L 
1.80 1.20 0.018 
a Diffusivity, cm2/s 2.47.10-5 4.89.10-5
a Cited from Murat and Giovanna. 2012. 
3.3.4. Measurement of UV-absorbing substances
 E. coli cells destroyed by CO2 released various substances, including nucleic acids and 
proteins. Therefore, treated samples were centrifuged at 1000×g for 10 min, after which the 
absorbance of the supernatant at 260 nm and 280 nm was measured by spectrophotometry 
(Hitachi, Tokyo, Japan) to determine the levels of nucleic acids and proteins, respectively 
(Kim et al., 2008a).  
3.3.5. Scanning electron microscopy
 Treated and untreated samples were centrifuged at 8000 rpm for 10 min, after which the 
supernatant was discarded and the pellet was washed with PBS buffer three times. The 
samples were then fixed with 2.5 3.0% glutaraldehyde (Wako) in PBS buffer (pH=7.2) 
overnight at 4°C, after which they were immersed in 1% osmium tetroxide and cacodylate 
buffer for 90 min at room temperature and then dehydrated at 4°C with sequences of ethanol 
at 50% (twice for 10 min each), 70%, 80%, 90%, 95% and 100% (three times for 15 min 
each), followed by EtOH/t-butyl alcohol (v/v=1/1 for 30 min) (Kim et al., 2008b). Finally, 
the samples were washed in fresh t-butyl alcohol twice for 1 h each, freeze-dried under low 
temperature for 3 h (VFD-21S t-BuOH free dryer), covered with gold-palladium and 
observed by scanning electron microscopy (SEM, QuantaTM 3D, FEI Co.). 
3.4. RESULTS AND DISCUSSION 
3.4.1. Inactivation effect of CO2, N2 and N2O against E. coli
 In this study, CO2, N2 and N2O were evaluated for their inactivation performance. The 
inactivation efficiency of gases was compared under various pressures. As shown in Fig. 3.2, 
the bactericidal effect of CO2 was higher than that of N2O and N2 at every operating 
pressure. When CO2 was used, the reduction ratios of E. coli at 0.3 MPa and 0.5 MPa (Fig. 
3.2a & 3.2b) were nearly 2.8 log within 25 min, while they were only 0.62 0.90 log and 
0.85 1.44 log when N2 and N2O were used, respectively. When higher pressure conditions 
of 0.7 0.9 MPa (Fig. 3.2c & 3.2d) were employed, most gases showed greater E. coli
inactivation. Specifically, CO2 inactivation reached 5.2 log at 0.7 MPa and 4.7 log at 0.9 
MPa. Surprisingly, N2 induced 2.4 and 2.8 log reductions in E. coli at 0.7 MPa and 0.9 MPa, 
respectively. N2O, which has the same molecular weight, critical temperature and pressure, 
solubility in water and diffusivity as CO2, but does not change the pH, induced an inhibition 
effect of 3.33 (0.7 MPa) and 3.69 log (0.9 MPa). As shown in Fig. 3.3, the change in the pH 
of water differed in response to treatment with CO2, N2O and N2. Specifically, during the 
first minute of inactivation, the pH decreased from 8.4 to 4.9 in response to CO2 treatment, 
while that of N2O and N2 treated water remained stable or increased slightly. These findings 
indicate that CO2 may play a crucial role in attenuation of microbial growth.  
Figure 3. 2. Comparison of bactericidal performance of N2, N2O and CO2 against E. coli
(ATCC 11303, initial concentration: 105 106 CFU/mL) inactivation at (a) 0.3 MPa, (b) 0.5 
MPa, (c) 0.7 MPa and (d) 0.9 MPa. 
Overall, the results of this study indicate that the CO2 inactivation mechanism was as 
follows. The production of gas microbubbles and high pressure enables CO2 to easily 
penetrate the cell membrane and change the physiological features of E. coli. When non-
polar CO2 molecules enter the cell, they impact the structure of the cell wall (Isenschmid et 
al., 1995). Moreover, too much dissolved CO2 continuously pumped into a layer of 
phospholipids may disrupt and change the stability of lipid chains. The accumulation of CO2
also leads to a rapid decrease in intracellular pH (Spilimbergo et al., 2005). The buffering 
capacity of bacteria is limited and increases the proton pumping system (Hutkins and 
Nannen, 1993), which leads to restraint of the cellular metabolism and important enzymes 
(Hong and Puyn, 2001, Hutkins and Nannen, 1993, Spilimbergo et al., 2002). 
Figure 3. 3.  pH change in water in response to CO2, N2 and N2O at 0.7 MPa. 
Many studies of food preservation and water disinfection have shown that CO2 has 
the potential to inhibit pathogens (Ishikawa et al., 1995; Haas et al., 1989; Kamihira et al., 
1987; Kobayashi et al., 2007, 2009; Enomoto et al., 1997). However, the importance of cell 
rupture and the physiological mechanism behind such inhibition have been extensively 
debated. In this study, the bacterial inhibition by CO2 was investigated by comparison with 
the effects of N2 and N2O treatment. The differences in the following parameters between 
N2 and CO2 (Tc(N2) = -147°C, Pc(N2) = 3.39 MPa versus Tc(CO2) = 36.5°C, Pc(CO2) = 7.24 
MPa) led to various bactericidal effects. N2 induced little or no bactericidal effect at low 
pressure (0.2 0.6 MPa), but did show a bactericidal effect at 0.7 MPa. Nevertheless, these 
effects were much lower than those induced by CO2 under the same conditions. The 
solubility of N2 may prevent it from modifying bacterial cells during treatment, which 
would explain the greater effect observed at higher pressures. Indeed, SEM analysis 
confirmed that some cells were sheared by high pressure forces, but that the shapes of E. 
coli were unchanged. 
 Conversely, the inactivation effect of N2 was merely due to physical factors (pressure and 
pump cycling), while that of N2O was primarily in response to a combination of physical 
factors, and to a lesser degree, its ability to penetrate and dissolve the cells via its chemical 
properties. 
3.4.2. Inactivation effect of CO2 at various pressures against E. coli
 Owing to the superior bactericidal performance of CO2, the effects of CO2 at pressures of 
0.2 MPa to 1 MPa were investigated. Fig. 3.4 shows the reduction of E. coli after 25 min, a 
common period used for water disinfection, for example with chlorine (EPA, 2001b). In 
contrast to tests conducted at low pressures (0.2 0.6 MPa), which showed a maximum 
decrease in E. coli of 3.2 log at 0.6 MPa and a minimum decrease of 2.5 log at 0.4 MPa, 
those at high pressures (0.7 1.0 MPa) showed decreases of 4.2 to >5.2 log. The greatest 
decrease in E. coli was observed at 0.7 MPa; therefore, subsequent experiments were 
conducted using 0.7 MPa.  
Figure 3. 4. Inactivation effect of CO2 at various pressures against E. coli (ATCC 11303 - 
initial concentration: 105 106 CFU/mL). 
3.4.3. Bactericidal effect of CO2 against E. coli at 0.7 MPa and UV-absorbance of E. 
coli cell supernatant 
 As shown in Fig. 3.5, the inhibition of E. coli reached 4.7 5.2 log after 25 min at 0.7 
MPa. We previously found 20 min to be the most effective period for inactivation (Cheng et 
al., 2011); however, in the present study, the reduction of E. coli at 20 min was not steady; 
therefore, 25-minutes was used for subsequent experiments. The decrease in pH caused by 
CO2 (Fig. 3.3) was considered to be a reason for cell death (Spilimbergo et al., 2002). To 
confirm that the cells had been lysed, the levels of nucleic acids and proteins were measured 
based on the absorbance of samples at 260 nm and 280 nm, respectively. As shown in Fig. 
3.5, within the first 10 minutes, the absorbance increased only slightly, indicating a low 
inactivation effect. However, the absorbance peaked at 25 minutes, corresponding to the 
maximum inactivation. 
Figure 3. 5. Inactivation effect of CO2 against E. coli (ATCC 11303- initial concentration: 
105 106 CFU/mL) at 0.7 MPa and UV-absorbance of E. coli cell supernatant over time. 
Light absorbance (OD: optical density) at 260 nm for nucleic acids and 280 nm for proteins. 
3.4.4. Inactivation performance of CO2 at 0.7 MPa against E. coli in samples with 
different initial concentrations
 Figure 3.6 shows the inactivation of E. coli under different initial concentrations at 0.7 
MPa. When the initial concentration was low (103 104 CFU/mL), no surviving cells were 
detected after 20 min, whereas samples with moderate initial concentrations showed a 
decrease of 5.2 log within 25 min. When high initial concentrations (107 108 CFU/mL) 
were used, the rate of cell reduction only reached 4.5 log after 25 min, but this rate grew 
steadily for 10 min to over 6.5 log, indicating an approximately 1.0-log reduction/5 min. In 
general, the bactericidal effectiveness was best at medium concentration.  
Figure 3. 6. Inactivation performance of CO2 at 0.7 MPa with different initial concentrations 
of E. coli (ATCC 11303). 
3.4.5. SEM observation
 Cell modifications were observed by SEM analysis of cells treated with N2, N2O and CO2
for 25 min. As shown in Fig. 3.7a, the E. coli initially appeared healthy. After treatment at 
0.7 MPa with pressurized N2, no or only a few cells appeared broken (Fig. 3.7b). Conversely, 
cells treated with N2O had rough surfaces and many had broken cell walls (Fig. 3.7c). No 
cells could be identified after treatment with CO2, indicating that they had all been lysed 
(Fig. 3.7d).  
N2O has a similar molecular weight, solubility in water, critical temperature, and critical 
pressure as CO2. Despite these similarities, treatment with N2O produced less effective 
inactivation than treatment with CO2. N2O did not acidify the treated water, while CO2
reduced the pH to nearly 4 during the first minute. Nevertheless, N2O had a greater 
bactericidal effect than N2. The anesthesia and non-polar characteristics of N2O enable it to 
be easily dispersed into the phospholipid layer of cell membranes with the support of high 
pressure (Spilimbergo et al., 2002). This may lead to dissolution of fatty sections, changes in 
the activity of the cells and obstruction of the bacterial growth. Indeed, E. coli cells were 
peeled and lysed in response to treatment with N2O (Fig. 3.7c).  
Figure 3. 7. E. coli cells under SEM observation (a) untreated (b) N2 treated (25 min, 
0.7MPa), (c) N2O treated (25 min, 0.7MPa) and (d) CO2 treated (0.7MPa, 25 min). 
 The reduction in pH induced by treatment with CO2 was likely the mechanism through 
which CO2 attenuated E. coli. The bacterial deaths caused by CO2 were inhibited to the 
same degree. SEM images of treated cells affirmed the superior treatment performance of 
CO2. The cell membranes of E. coli were severely damaged and their initial structures were 
unrecognizable. 
Analysis of the absorbance of the samples revealed that nucleic acids and proteins had 
been extracted from the E. coli cells. These findings are in accordance with those of 
previous investigations in the field of food preservation (Erkmen et al., 2001; Ishikawa et al., 
1995; Haas et al., 1989; Kamihira et al., 1987) and were further confirmed in water 
disinfection by comparison with the results of the N2 and N2O experiments. After exposure 
for a sufficient time, bacterial cells were easily damaged and lysed (Figure 7d). Although 
the discharge of water appeared to change the pressure of the cells, this was likely not 
responsible for most bacterial deaths, and rapid or slow depressurization was not the 
principal factor involved in the inactivation effect (Enomoto et al., 1997). 
 The optimal conditions for CO2 treatment were found to be 0.7 MPa and 25 min at room 
temperature. Cheng et al. (2011) found that a 20-minute period was sufficient for bacterial 
inactivation, but in the present study, the cells were lysed after extending treatment time to 
25 minutes because this was determined to be the point at which CO2 accumulation inside 
the cells surpassed their limitations. Residual CO2 after treatment may diffuse to air and 
gradually recover neutral pH later. 
3.5. CONCLUSIONS 
 Using microbubbles of pressurized CO2, N2 and N2O to inactivate E. coli (ATCC 11303) 
revealed the following: 
When compared with those of N2O and N2, the bactericidal effect of CO2 was much 
greater. Additionally, operation of the apparatus at higher pressure (0.7 1.0 MPa) led to a 
more prominent reduction of E. coli, as compared with operation at 0.2 0.6 MPa. 
The decrease of pH in water induced by treatment with CO2 is considered to be the 
most effective factor leading to its bactericidal effects.  
A pressure of 0.7 MPa, room temperature and an exposure time of 25 minutes were 
determined to be the optimum operating conditions for the treatment of artificial wastewater 
when E. coli were the target pathogens.  
 Overall, CO2 has the potential for use as a disinfectant of wastewater and drinking 
water with low and medium concentrations of E. coli. Furthermore, this method does not 
produce disinfection by-products, resulting in reduced health risks and operation costs. 
Further research is needed to confirm the disinfection effect of CO2 toward bacteriophages 
and to fully elucidate the role of intracellular pH. 
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The findings of the previous chapter indicate that pressurized CO2
attained a high effective to inhibit E. coli cells in distilled water. For this 
reason, Chapter 4 assesses the disinfection performances of CO2 treatment 
against the different bacteriophages, the role of temperature and pressure to 
inactivation effect of E. coli and phages. 
CHAPTER IV 
DISINFECTION USING PRESSURIZED CARBON DIOXIDE TO 
INACTIVATE ESCHERICHIA COLI AND BACTEROPHAGES 
4.1. ABSTRACT 
 This study investigated the potential application of pressurized CO2 for water 
disinfection. Under supporting high pressure, a high volume of CO2 microbubbles were 
produced in a liquid environment. Specifically, the inactivation effects of CO2 against 
Escherichia coli,
(0.3 0.9 MPa) and temperatures. The optimum conditions were found to be 0.7 MPa and an 
exposure time of 25 min. Under identical treatment conditions, a greater than 5.0 log 
reduction in E. coli was achieved, while approximately 3.0 log reduction was observed for 
the former and more than 3.3 log in the latter were achieved by CO2. Comparison of the 
inactivation effect of CO2, N2O, a common acid and buffer solution against phage MS2, 
revealed that the change in pH caused by CO2 plays an important role in its virucidal effects. 
Moreover, the pumping cycle and depressurization rate contributed to the inhibition of 
microorganisms. Overall, the results of this study indicate that CO2 has the potential for use 
as a disinfectant without the formation of by-products.  
Keywords: bacteriophage, Escherichia coli, microbubbles, pressurized CO2, viricidal effect, 
water disinfection.  
4.2. INTRODUCTION 
 For several decades, water and wastewater treatment plants have primarily relied on 
the use of chlorine for disinfection. Chlorine is a well-known economical disinfectant for 
protection against waterborne diseases. However, chlorination has numerous disadvantages. 
Specifically, chlorination can produce chlorinated hydrocarbons that are considered health 
hazards, and can be corrosive. Compared to chlorination, ozone has greater inactivation 
effectiveness against bacteria, viruses, Giardia and Cryptosporidium (Rennecker et al, 1999; 
Driedger et al, 2001; Haas and Kaymak, 2003). However, ozone disinfection is corrosive, 
has a high initial cost and requires high electricity consumption. Ultraviolet irradiation and 
membrane filtration are potential alternatives to chemical disinfection, but require intensive 
maintenance, high costs and complicated setups. For these reasons, alternative water 
disinfectants need to be investigated. Our group developed a novel method for the 
application of an existing technique (high pressure CO2 treatment) that has been 
successfully implemented in the preservation of food to the treatment of water and 
wastewater. A wide variety of bacterial pathogens in liquid foods have been shown to be 
inactivated in previous studies (Nakamura et al, 1994; Ballestra et al, 1996; Dillow et al, 
1999; Hong and Pyun, 1999). Several studies recently investigated the application of high 
pressure CO2 disinfection to water treatment. Supercritical pressure up to 10 MPa and high 
temperature (55°C) were reported to effectively inactivate E. coli and coliforms (Kobayashi 
et al, 2009). However, Cheng (2011) concluded that pH was not related to the inactivation 
mechanism of dissolved CO2, which differed from the results of previous studies (Ballestra 
et al, 1996; Dillow et al, 1999; Hong and Pyun, 1999; Garcia-Gonzalez et al, 2007).  
 Therefore, this study was conducted to investigate the inactivation of pathogenic 
bacteria (E. coli.) and indicator viruses, including T4 (double-strained DNA), MS2 (single-
strained RNA), (single-strained RNA) and (single-strained DNA) by CO2. First, 
the use of CO2 treatment at different pressures for the inactivation of phage T4, MS2, phage 
 was investigated, after which treatment of samples containing E. coli, MS2 
solution to confirm the thermal and pH roles. Finally, a comparison of the inactivation 
effects of CO2, nitrous oxide (N2O) and common acid on phage MS2 and phage  was 
conducted to elucidate the chemical nature of CO2. 
4.3. MATERIALS AND METHODS 
4.3.1. Microorganism preparation and enumeration
 Escherichia coli (ATCC 11303) from stock cultures (American Type Culture Collection, 
Manassas, VA, USA) was propagated in flasks containing 100 mL Luria-Bertani (LB) broth 
media (Wako Chemical Co. Ltd., Osaka, Japan) and incubated at 37°C with continuous 
shaking for 16 18 h at 150 rpm. The cell concentration was determined by spreading 
aliquots on LB agar plates (Wako), incubating the samples overnight at 37°C, and then 
determining the number of colony-forming units (CFU) from plates containing 25 300 
colonies. The initial concentration was estimated to be approximately 107-109 CFU/mL. Cell 
suspensions were maintained in 20% glycerol at 80°C and were used within 1 month. For 
each experiment, 100 mL of E. coli stock inoculated LB was incubated at 37°C and 150 rpm 
for 12 18 h.  
4.3.2. Bacteriophage propagation
 T4 (ATCC 11303-B4TM), MS2 (ATCC 15597-B1TM),  (ATCC 23631-B1TM) and 
 (ATCC 13706-B1TM) were grown to high titers by overnight incubation at 37°C in E. 
coli hosts ATCC 11303, 15597, ATCC 23631 and 13706, respectively. The remaining cells 
and cell debris were eliminated by centrifugation at 2,000×g for 10 min. The supernatant, 
including the phage, was then filtered through a membrane filter with a pore size of 0.20 m 
(Millipore, Carrigtwohill, County Cork, Ireland). Virus suspensions with initial 
concentrations of 107 109 PFU/mL were stored in 20% glycerol. For storage, samples were 
initially refrigerated at -20°C for 24 h, then reduced to -80°C to prevent temperature shock.
4.3.3. Bacteriophage titer
 Surviving infectious T4, MS2,  were enumerated by forming lawns of 
sensitive strains of E. coli hosts (Debartolomeis et al, 1991) and then conducting plaque 
phage assays using double layers of agar on the plates. Initially, 0.1 ml phage suspension 
was mixed with 0.2 ml E. coli host culture and incubated at 37°C (50 rpm) for 30 min. This 
mixture was then blended directly in a test tube containing 5 ml of top layer of liquefied 
Tryptic Soy Agar (TSA) 0.7% [wt/vol] (Wako) and poured rapidly onto a Petri dish 
containing TSA at 1.5% [wt/vol]. Plaque-forming units (PFU) were determined after 
overnight incubation at 37°C based on plates containing 30 300 PFU.  
4.3.4. Apparatus and procedure for activation
 The apparatus erected for the experiment was designed to produce a lot of microbubbles 
of pressurized CO2 (Fig. 4.1). A nozzle and shield were placed inside the apparatus to 
powerfully disturb the influent water. Highly dissolved CO2 in water formed inside the 
device. The initial temperature was set by warming or cooling the distilled water to the 
desired temperature using a heat exchanger contacting the outside of the device.  
 Microbial suspensions and 7000 8000 mL of distilled water were mixed at the identified 
temperatures to produce synthetic wastewater with the desired concentration of microbes, 
after which approximately 7000 mL of this wastewater was pumped into the device. During 
treatment, the flow rate was 13 15 L/min and the contact time was 25 min. At the beginning 
of the experiment, the treatment system, which could tolerate up to 1.0 MPa, was filled with 
treatment gas at 0.6 to 0.9 MPa. A blowdown valve was designed to collect the samples at 
the expected times. Inactivation results were judged based on the survival ratio of 
microorganisms at various pressures and temperatures. All experiments were conducted in 
triplicate. 
Figure 4. 1. Schematic diagram of the experimental apparatus used for microbial 
inactivation. 
4.3.5. Inactivation mechanism assessment
 It was not possible to investigate the significant relationships of the inactivation effect 
and intracellular pH because the cell size was too small. In this study, a series of 
disinfectants was performed against E. coli and phage MS2 to understand how pH caused by 
pressurized CO2 bubbles regulates with the inactivation effect. The role of pH has been 
examined in four different ways. All wastewater samples used were prepared from the 
distilled water contaminated by microorganism. First, the only CO2 treatment at 0.7 MPa 
was conducted. After that, the experiment was run under the same pressure using N2O for 
inactivating process. N2O was chosen since both N2O and CO2 have analogous properties. 
The only distinction is that CO2 lowers the pH in water but N2O does not (Vo et al, 2013). 
For the third disinfectant, neither CO2 nor N2O was used, instead compressed air (from 
atmosphere) at 0.7 MPa was prepared for disinfection. However, the initial pH of the water 
sample was adjusted to around 4.0 by 0.1M HCl. Lastly, the distilled water was autoclaved 
with phosphate-buffered saline, PBS, pH 7.4 (Wako) at 121°C for 15 minutes and 
contaminated with microorganism at room temperature. This sample was treated with 
pressurized CO2. All experimental conditions are shown in Table.4.1. The microbial 
inactivation was also considered based on the exposure of E. coli and T4 to CO2 bubbles 
under different pressures (0.6 to 0.9 MPa) and temperatures (13°C, 20°C, 27°C).
Table 4. 1. Experimental conditions. 
Disinfectants Samples Pressure, MPa Characteristics
CO2 Distilled water 0.7 Low pH 
N2O Distilled water 0.7 Stable pH 
Air Distilled water + 0.1M HCl 0.7 Low pH 
CO2 Distilled water + PBS buffer 0.7 Stable pH 
4.4. RESULTS AND DISCUSION 
4.4.1. Inactivation effect against T4, MS2,  and 
(a)       (b) 
Figure 4. 2. Inactivation effect over time during treatment with pressurized CO2 at different 
pressures against (a) phage T4, and (b) phage MS2. Initial concentrations: 107 109 PFU/mL. The operating 
temperature is around 22.0°C. Each data point shows the average of independent experiments and error bars represent the 
standard deviation from the mean. 
 As shown in Fig. 4.2b, at approximately 0.7 MPa, phage T4 (Fig. 4.2a) showed a 
higher reduction (>4.0 log) than phage MS2 (approximately 3.2 log). One possibility for 
these findings is that DNA-based viruses such as T4 are more sensitive to dissolved CO2
than RNA-based viruses such as MS2. MS2 has been shown to survive better than other 
bacteriophages in acidic environments (Feng et al, 2003). Moreover, Mamane (2007) found 
that nucleotide bases of RNA are more resistant than nucleotide bases of DNA using 
advanced oxidation for the inactivation process.  
 Although these findings indicate that at an operating pressure of 0.9 MPa a high 
inactivation ratio of bacteriophages is attained, this pressure exceeds the limitations of 
normal conditions in water pipelines. At 0.7 MPa, which does not exceed the maximum 
operating value of water pipelines under normal conditions (Saskatchewan Environment, 
2004), the inactivation effect of CO2 was equal to that at 0.8 MPa (Fig. 4.2). These findings 
are in accordance with those of a previous study (Vo et al, 2013); therefore, an operating 
pressure of 0.7 MPa was used for subsequent experiments.  
(a) (b) 
Figure 4. 3. Inactivation effect over time during treatment with pressurized CO2 against 
bacteriophage  and  (b) at different pressures. Initial concentrations: 107 109
PFU/mL. The dotted lines demonstrate the pH change. 
 As showed on Fig. 4.3, a minor variation in the reduction ratio of  was 
observed at pressures in the range of 0.7 0.9 MPa (2.8 3.2 log), while the variation was 
only 2.4 log at 0.6 MPa (Fig. 2). The pH decreased to 3.5 4.0 in the first minute of CO2
treatment. The survival ratio of  treated with CO2 for 25 min differed with pressure. 
Specifically, only 2.7 log of phage  were deactivated at 0.6 MPa, whereas approximately 
3.6 log were deactivated at pressures of 0.7 and 0.8 MPa. When the operating pressure 
increased to 0.9 MPa, the reduction ratio increased to nearly 4.2 log. However, it should be 
noted that these values of pressure (0.8 and 0.9 MPa) exceed the limitations of normal 
conditions in water pipelines. These findings agree with those of a previous study (Vo et al., 
2013); therefore, an operating of 0.7 MPa was used for subsequent experiments. 
 The inactivation effect of bacteriophage  increased insignificantly when the 
pressure increased from 0.7 to 0.9 MPa and was lower than that of phage . One 
possibility for this finding is that DNA-based viruses such as  are more resistant to 
pressure because the DNA molecule may be single-stranded (ssDNA) in the form of a 
closed circle. This agrees with the earlier conclusion that the protein coats of 
more permeable at higher pH (Yamamoto et al., 1966). The inactivation characteristics of 
 phage differed from those of 
virus capsid and arrangement of amino acids, and the carbohydrate and lipid composition of 
 phage is more sensitive to 
pressurized CO2 than . 
4.4.2. Inactivation of E. coli in response to treatments in various buffers and at various 
temperatures 
 Temperature and buffer were both found to influence the inactivation of E. coli by 
CO2 in this study (Fig. 4.4). Increasing pressure to 0.7 MPa greatly enhanced the 
sterilization effect of CO2 microbubbles against E. coli. Additionally, nearly 2 log 
reductions in 25 min were observed at 13.0±0.2°C, while 4.5 log reductions were observed 
at 19.7±0.3°C, and no E. coli survived after 20 min of treatment with pressurized CO2 at 
26.6±0.4°C. In another experiment, CO2 treatment with buffer material (PBS) led to a 3.5 
log reduction of E. coli, while under the same conditions of initial temperature, pressure and 
concentration, only the CO2 treatment without buffer material induced a greater than 5.0 log 
reduction ratio (Fig. 4.4).  
 Figure 4. 4. Inactivation effect of pressurized CO2 (0.7 MPa) against E. coli over 
time. Initial concentrations: 105 106 CFU/mL. Each line shows average measurements 
based on three replicates of the experiment. The error bars represent the standard deviation 
from the mean. 
 Although increasing temperatures led to decreased CO2 solubility, these data suggest 
that higher temperatures enhanced the reduction of E. coli. The unique properties of CO2, its 
lipo- and hydrophilic nature, and the supporting high temperature and pressure enable it to 
diffuse easily through the cell membrane of E. coli (Isenchmid et al, 1995; Hong and Pyun, 
1999). Once the dissolved CO2 accumulates in the cell wall and intracellular areas, a high 
volume of hydrogen ions is produced inside the cell, reducing the pH and destroying 
essential membrane domains (Pitchard, 1979). This explains why treatment with CO2 alone 
resulted in a greater log reduction of E. coli than treatment with buffer material. 
Furthermore, high temperature modifies the fluidity of lipids in the membrane in a similar 
fashion as dissolved CO2. Accordingly, the combined effects of temperature and CO2
resulted in all E. coli being destroyed after 20 min (Fig. 4.4). 
 The effect of microorganism reduction with pressurized CO2 followed the first-order 
0)=-kt, where N, N0 are the microbial counts obtained at 
contact time t and t=0, respectively, and k is the inactivation rate constant (1/min).  The 
value of inactivation constant depends on microorganism, pressure, temperature and 
environmental water samples. Calculated by Microcal Origin software, the inactivation rate 
constants at 0.7 MPa and 25°C for E. coli, bacteriophage T4 and MS2 are -0.175 1/min, -
0.163 1/min and -0.158 1/min, respectively. The correlation coefficient, R2, was higher than 
0.98 in all situations. These findings are possible to make predictions of inactivation effects 
under the identical conditions. 
4.4.3. Effect of temperature on inactivation of bacteriophages MS2 and 
-
Increasing the pressure to 0.7 MPa greatly enhanced 
the sterilization effect of CO2 microbubbles against . Additionally, nearly 2.8 
log reductions in 25 min were observed at 17.8±0.2°C, while approximately 3.0 log 
reductions were observed at 21.7±0.4°C and there was a slight increase in the reduction ratio 
of 174 at higher temperatures of 27.2±0.2°C. During the treatment time, operating 
temperature was controlled to be stable (Fig. 4.5). Although the temperature inside the 
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 Although increasing temperatures led to decreased CO2 solubility, these data suggest 
that higher temperatures enhanced the reduction of . Operation at high pressure and 
high contact efficiency between CO2 bubbles in water augmented CO2 solubility up to the 
saturated concentration. The unique properties of CO2, its lipo- and hydrophilic nature, and 
the supporting high temperature and pressure enable it to diffuse easily through the 
hydrophilic protein coats of  (Hong and Pyun, 1999). Once the dissolved CO2
accumulates in intracellular areas, a high volume of hydrogen ions is produced in the 
internal area, reducing the pH and destroying essential membrane domains. Furthermore, a 
high temperature modifies the fluidity of lipids in the membrane in a similar fashion as 
dissolved CO2. Accordingly, the combined effects of temperature and CO2 resulted in all 
 phage being effectively destroyed (Fig. 4.5b). 
4.4.4. Effect of pH on inactivation of bacteriophages MS2 and 
 To determine whether the reduction in pH induced by dissolved CO2 is related to its 
inhibitory effects, inactivation curves of the four disinfectants were generated (Fig. 4.6). 
When HCl and pressurized N2O were used to treat MS2, the log reductions were greater 
than 2.0 log, whereas treatment with pressurized CO2 with and without buffer material 
induced reductions of over 1.7 log and approximately 2.6 log, respectively. 
when hydrochloric acid and pressurized N2O were used to treat , the log reductions of the 
former was 2.0 log and the latter was 2.3 log, whereas treatment with pressurized CO2 with 
and without buffer material induced reductions of over 1.6 log and approximately 3.4 log, 
respectively. A noteworthy finding in this study is that the inactivation effect of CO2 after 
20 min was greater than that of other disinfectants, even though pressurized N2O, HCl, and 
CO2/buffer were applied for 25 min (Fig. 4.7).  
 Figure 4. 6. Inactivation effect of CO2, N2O, the compressed air adjusted with 0.1M 
HCl and CO2 with PBS buffer against bacteriophage MS2 at 0.7 MPa. Initial concentrations: 
107 109 PFU/mL. Operating temperature:  22.0±0.2°C. The dotted lines demonstrate the pH 
2 2 2O. Each of the four solid lines 
show average measurements based on three replicates of the experiment. The error bars 
represent the standard deviation from the mean. 
 Even though N2O and CO2 have analogous properties (molecular weight, solubility 
in water, critical temperature and critical pressure), treatment with N2O had a lesser 
inhibitory effect than treatment with CO2. N2O differs from CO2 in the sense that its 
application to water does not lead to acidification (Fig. 4.6 & 4.7). These findings confirm 
that the reduction in pH caused by CO2 plays an important role in its sterilization effects. 
Many hydrogen ions are produced by pressurized CO2, after which they easily penetrate the 
protein coats of bacteriophages, dissolve the phospholipids, and modify the physiological 
features of proteins. Once an abundant amount of CO2 molecules have accumulated inside, 
they reduce the intracellular pH to levels exceeding the buffering capacity of the cell and 
lead to metabolic disorder (Garcia-Gonzalez et al., 2007; Spilimbergo and Mantoan, 2006). 
In another examination, a sample treated with CO2 was compared with one treated with HCl 
at the same pressure. Although similar pHs were achieved in both samples (4.3 4.5), CO2
resulted in a greater reduction of . These findings correspond with those of previous 
studies, and likely occurred because normal acids cannot penetrate the protein coat of phage 
 as effectively as pressurized acids (Hong and Pyun, 1999; Wei et al., 1991). 
Figure 4. 7. Inactivation effect of pressurized CO2 and N2O (0.7 MPa) with buffer solution 
and HCl (0.1M) against bacteriophage . Initial concentrations: 107 109 PFU/mL) at 
2 2 + 
2O. 
4.5. CONCLUSIONS 
 The results from this study open a number of new avenues for further research 
investigating the application of CO2 to water and wastewater disinfection. Furthermore, the 
data presented here provide a greater understanding of the correlation of the effects of 
changes in pH caused by pressurized CO2 and those of other acidic disinfectants on 
microbial inhibition. A pressure of 0.7 MPa was found be effective for the inactivation of E. 
coli, T4, MS2, in distilled water at 20°C 25°C. However, these findings are 
limited by the use of distilled water samples spiked with microorganisms. Future trials 
should assess selective environmental samples including effluent wastewater, groundwater, 
and river water. The results of this study provide important information that can be used in 
future studies to replace conventional disinfectants that cause undesired disinfection by-
products during water treatment. 
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 Findings from chapter 3 and chapter 4 support the idea of using 
pressurized CO2 for target disinfection of pathogens in some environmental 
wastewater samples as well the feasibility of CO2 application in water 
treatment. Chapter 5 describes the potential application of pressurized CO2
treatment and shows the inactivation rates to different microorganisms. 
CHAPTER V 
APPLICATION OF PRESSURIZED CARBON DIOXIDE FOR 
AGRICULTURAL IRRIGATION WATER DISINFECTION 
 5.1. ABSTRACT 
Irrigation water and recycled water used for farm gardens can be a potential source 
of contamination of microbial pathogens that cause harmful illness. This study investigated 
the use of pressurized carbon dioxide to inhibit pathogens in water sources. An apparatus 
producing microbubbles was operated with pressure up to 0.7 MPa, room temperature and a 
common period for disinfection, 25 minutes. Target environmental water samples, including 
distilled water, artificial ground water and effluent wastewater, were subjected to microbial 
contamination with desired concentrations of Escherichia coli (ATCC 11303 and ATCC 
13965) and bacteriophages. Under identical conditions, approximately 4.0  5.0 log of E. 
coli were inactivated in water samples, whereas the reduction ratio of bacteriophages are 
nearly 3.0  4.0 log. The chemical nature of CO2 molecule (acidification, diffusivity and 
solubility in water) was indicated to be the main factors causing the microorganism deaths. 
Besides that, high pressure, depressurization rate, characteristics of microbubbles and 
pumping cycle contributed to microorganism inhibition. These findings in this investigation 
may be considered to use carbon dioxide as a novel disinfectant to water treatment in 
agricultural irrigation. Moreover, carbon dioxide treatment produces no disinfection by-
products and excessive pressure after disinfection can be an advantage to enhance irrigating 
to plants. 
Keywords: irrigation water, carbon dioxide, inactivation effect, water disinfection, 
microbubbles. 
5.2. INTRODUCTION 
Water resources used for various targets in agricultural irrigation require preliminary 
treatment to be safe to use. Water disinfection is an important treatment to control the 
microorganism growth in the irrigation water system and minimize the diseases related to 
 of 
wastewater becomes the potential irrigation water in the big cities and urban. The water 
resources from secondary treatment contain the residual viruses and pathogens, which can 
persist to varying degrees after release to the environment (Rose et al. 1991). Hence, the 
effluent wastewater is required special care before irrigating the crops for direct human 
consumption (WHO. 1973). Especially, agricultural food crops, such as vegetable fields 
 vineyards, nurseries 
2007). Irrigation water can be disinfected using non-chemical methods (heat, Ultraviolet 
radiation and filtration), or chemical methods (chlorine, chlorobromide, ozone, chlorine 
this requires the water to be free of suspended particles and UV-absorbing substances which 
exist abundantly in agricultural irrigation water. Chlorination is the most widely used 
disinfectant in water treatment. Recently, many potential problems have arising due to the 
reaction of residual chlorine with natural organic matter (NOM) in water causing health 
effect in humans. Whereas ozone, chlorine dioxide and hydrogen peroxide react with water 
contaminants are transferred to a series of free-radicals to oxygen as the end reaction 
product. These reactions cause harmful to the plant and reduce its growth rate. Using high 
pressure carbon dioxide (CO2) to inhibit the microorganism growth is considered as a novel 
disinfectant for water treatment without forming disinfection by-products (DBPs).  
The sterilizing technique by high pressure CO2 has been successfully implemented in 
the preservation of food and concluded to be effective for inactivation of variety pathogens 
(Dillow et al. 1999; Enomoto et al. 1997; Haas et al. 1989; Hoang and Pyun. 1999; Lin et al. 
1994; Nakamura et al. 1994; Wei et al. 1991).  A recent study by Kobayashi et al. (2009) 
involved to apply high pressure carbon dioxide for water disinfection. His group found that 
Escherichia coli (E. coli) were inactivated up to 6 log at the pressure of 2 MPa around 40oC 
after 60 minutes. Our preliminary investigation indicated that CO2 microbubbles at 0.7 MPa 
significantly inhibited E. coli cells in distilled water to approximately 5.0 log reduction (Vo 
et al. 2013). However, no attempt was investigated to inactivate various microorganisms and 
environmental waters by high pressure CO2. 
In order to assess inactivation effect of CO2 in many different microorganisms and in 
environmental water resource, the experiments in this study were run using three kinds of E. 
coli  (ATCC 11303, ATCC 23631, ATCC 13706) and three kinds of bacteriophage
treated wastewater, artificial ground 
water and distilled water.  By using different water samples, this study aims to apply 
pressurized carbon dioxide for garden irrigation water disinfection with small scale.  
5.3. MATERIALS AND METHODS 
5.3.1. Preparation of microorganisms
Three kinds of E. coli cells and bacteriophages were used as target pathogens for 
disinfection. Escherichia coli ATCC 11303, ATCC 23631 and ATCC 13706 from stock 
cultures (American Type Culture Collection, Manassas, VA, USA) were respectively 
propagated in flasks containing 100 ml Luria-Bertani (LB) broth media (Wako Chemical Co. 
Ltd., Osaka, Japan) and incubated at 37°C with continuous shaking for 16 18 h at 150 rpm. 
Whereas, bacteriophage suspensions were prepared from T4 (ATCC 11303-
(ATCC 23631- -B1TM) and grown to high titers by 
overnight incubation at 37°C in E. coli  hosts ATCC 11303, 23631 & 13706, respectively. 
The remaining cells and cell debris were eliminated by centrifugation at 2,000×g for 10 min. 
The supernatant, including the phage, was then filtered through a membrane filter with a 
pore size of 0.20 m (Millipore, Carrigtwohill, County Cork, Ireland). Cells and virus 
suspensions with initial concentrations of 107 109 PFU/mL were stored in 20% glycerol. 
For storage, samples were initially refrigerated at -20°C for 24 h, and then reduced to -80°C 
to prevent temperature shock. 
5.3.2. Microbial enumerated tests
5.3.2.1. Bacteria enumeration
The cell concentration was determined by spreading aliquots on LB agar plates (Wako), 
incubating the samples overnight at 37°C, and then determining the number of colony-
forming units (CFU) from plates containing 25 300 colonies. The initial concentration was 
estimated to be approximately 107-109 CFU/mL. For each experiment, 100 mL of E. coli
stock inoculated LB was incubated at 37°C and 150 rpm for 12 18 h.  
5.3.2.2. Bacteriophage titer
sensitive strains of E. coli hosts and then conducting plaque phage assays using double 
layers of agar on the plates. Initially, 0.1 ml phage suspension was mixed with 0.2 ml E. coli
host culture and incubated at 37°C (50 rpm) for 30 min. This mixture was then blended 
directly in a test tube containing 5 ml of top layer of liquefied Tryptic Soy Agar (TSA) 0.7% 
[wt/vol] (Wako) and poured rapidly onto a Petri dish containing TSA at 1.5% [wt/vol]. 
Plaque-Forming Units (PFU) were determined after overnight incubation at 37°C based on 
plates containing 30 300 PFU.  
5.3.3. Preparation of water samples
Microorganism suspensions and distilled water, artificial ground water and effluent 
wastewater before disinfection (Ube wastewater treatment plant, Yamaguchi, Japan) were 
intermingled to attain the desired concentration at room temperature as the wastewater 
samples. The artificial groundwater was made from CaCl2 0.125mM; MgCl2 0.05mM; KCl 
0.103 mM; NaHCO3 1.5 mM (Wako) and autoclaved in 15 min at 121°C before using (You 
et al. 2005). Whereas, the components of effluent treated wastewater were pH (7.1), COD 
(9.6 mg/L), BOD (6.2 mg/L), SS (4.0 mg/L), N (17.9 mg/L), P (1.24 mg/L) (Ube city 
environment department).   
5.3.4. Apparatus and procedure for disinfection
The disinfection device was tested based on the high contacted efficacy between CO2
and water (Fig. 5.1). Highly dissolved CO2 in water was distributed thoroughly inside due to 
high pressure and pump cycle. Initial temperature was remained unchanged from 20-25°C.
At the beginning, 7000 mL of wastewater contaminated microorganisms was pumped 
into and operated during treatment time, 25 minutes at flow rate of 13- -1. The 
working pressure indicated from optimum condition from previous study (Vo et al. 2013) 
was 0.7 MPa. Blowdown valve was used to take the samples. 
Figure 5. 1. Schematic of experimental apparatus. 
Inactivation effect was assessed via the inactivation results at various microorganisms 
and environmental water resources. 
5.3.5. Inactivation rate
The calculation of inactivation rate was based on slope of the linear relationship 
between log (N/N0) and time t, where N and N0 are the final and initial plate count numbers 
per milliliter (PFU/mL) and t represents time in minute.  
5.4. RESULTS AND DISCUSSION 
5.4.1. Inactivation effect to different bacteria.
The first set of analysis examined the impact of carbon dioxide disinfection to variety 
bacteria. Reduction ratios of all three kinds of E. coli over the time change similarly. After 
20 minutes of inactivation, E. coli  ATCC 11303 was inhibited a nearly 4.2 log reduction, 
while E. coli  ATCC 23631 and 13706 were inactivated for 3.9 log and 3.8 log, respectively 
(Fig. 5.2). Interestingly, inactivation effect reached the same reduction ratio for all bacteria, 
approximately 4.5 log after 25 min.  
Figure 5. 2. Inactivation effect of pressurized CO2 (0.7 MPa) against different bacteria. 
Environmental waters were distilled water. Initial concentration: 107-109 CFU/mL. Room 
temperature (22°C).                             
As showed on Fig. 5.2, inactivation rates increased slightly in the first 15 minute (2.0-
2.5 log/15 min), but then grew significantly after that. This agrees with the earlier result by 
Vo et al. (2013) that CO2 treatment with 20 min at 25oC, E. coli  was completely inactivated 
with the initial concentration of around 105-106 CFU/mL. In general, inactivation rate of 
pressurized carbon dioxide against E. coli  follows the first-order kinetics and was indicated 
to be 0.18 log /min (R2>0.945). This finding has important implications for predicting the 
inactivation process of E. coli by CO2 in water. CO2 microbubbles under high pressure were 
considered to be effective to diffuse and disintegrate E. coli cells. They permeate through 
cell wall membranes, disorder cell components and exceed intracellular pH change (Hong 
and Pyun. 1999; Haas et al. 1989; Lin et al. 1994). 
5.4.2. Inactivation effect to different bacteriophages. 
In another experiment, bacteriophages were used as virus indicators. Phage T4 (double 
E. coli
inactivation tests, approximately 4.0 log of phage T4 was inhibited by CO2 treatment, 
where
respectively. During the treatment time by CO2, pH decreased to approximately 4.0 from the 
first minute for all experiment. Demonstrated on Fig. 5.3, during the first 15 minutes the 
inactivation rates to all phages are familiar. However, after that the inactivation rates are 
different. The reduction rate of phage T4 increased significantly, 0.16 log/min (R2>0.999), 
log/min (R2>0.995) and the 
2>0.96).  
Figure 5. 3. Inactivation effect of pressurized CO2 (0.7 MPa) against different 
bacteriophages. Wastewater were distilled water contaminated by bacteriophages. Initial 
concentration: 107-109 PFU/mL. Room temperature (22°C). Dotted lines illustrate pH 
change over the time: ( ) T4,  (
The high inhibition of phage T4 was indicated to be sensitive to pressurized CO2
microbubbles. One possibility is that the large size of phage T4, 90 nm wide and 200 nm 
long, linked by a long tail and head is easy to be broken under pressurized CO2 molecules 
30 nm that will 
be difficult for CO2 microbubbles to d
found that it survived better in an alkaline environment than in the water containing a lot of 
this agrees with the previous investigation (Feng et al. 2003). Inactivation mechanism of 
pressurized CO2 against bacteriophages is similar to one of E. coli cells. Molecular CO2
with high pressure can also penetrate through protein coat of coliphage. Once accumulated 
excessively, they will change the order loss of the lipid chains and destruct the domains. In 
addition, a strongly decrease intracellular pH denaturing DNA and RNA characteristics 
leads to the inhibition of coliphage.  
5.4.3. The influence of environmental water to inactivation effect.
The environmental water samples contaminated by E. coli were compared in order to 
assess inactivation effect of CO2. The results obtained from the preliminary disinfection of 
the wastewater made by distilled water, the artificial groundwater and the real effluent 
wastewater are presented in Fig 5.4. The reduction ratio of E. coli in the effluent treated 
wastewater only 3.5 log. And this reduction is also lower over the time than others. Whereas, 
both distilled water and the artificial groundwater had the similarly high inactivation ratios, 
approximately 4.5 log (Fig. 5.4). Compared to pH change in water on Fig. 5.3, the pH 
change of three samples in this case had a slight difference. One possibility is that buffering 
capacity of chemical components in the artificial groundwater and the effluent wastewater 
are higher. pH after the first-minute treatment reached nearly 5.0, while pH of the distilled 
water attained around 4.0. 
Figure 5. 4. Inactivation effect of pressurized CO2 (0.7 MPa) against E. coli  ATCC 11303 
in different environment waters. Initial concentration: 107-109 CFU/mL. Room  temperature 
(22°C). Dotted lines illustrate pH change over the time: ( ) Distilled water, ( ) Artificial 
ground water, ( ) Ube effluent treated wastewater. 
The suspended solids (SS=4.0 mg/L) in the effluent treated wastewater as the particles 
of turbidity provide shelter for E. coli  cells and reduce their exposure to CO2 microbubbles. 
For this reason, the inactivation rate against E. coli in the effluent treated wastewater is 0.14 
log reduction/min (R2>0.990), slower than in the distilled water (0.18 log/min, R2>0.992) 
and the artificial groundwater (0.184 log/min, R2>0.998). SS factor may explain the relative 
good correlation between the effectiveness of disinfection process and water quality. This 
finding, while preliminary, suggests that the inactivation effect of pressurized CO2 reaches 
the higher rate in the raw water with lower turbidity.  
Depressurization rate after discharging treated water also concerns to cell deaths 
(Enomoto et al. 1997). The change of pressure as shear force makes physiological 
characteristics adapt suddenly and breaks cell walls and viral coat proteins. Moreover, long 
exposure time with continuous pumping cycle (25 min) causes to microorganism inhibition.  
5.5. CONCLUSIONS 
The present study was designed to determine the inactivation effect of pressurized CO2
microbubbles against pathogen indicators. Under identical pressure condition (0.7 MPa) and 
around room temperature (22oC), approximately 4.5 log of E. coli cells and nearly 3.0 4.0 
2 microbubbles. The evidence 
from this study suggests that the irrigating water quality with low turbidity has higher 
inactivation effect. Moreover, the excessive pressure after treatment remains high and a 
good condition to utilize for irrigating to plants at far distance. This research will serve as a 
base for future studies and potential application of pressurized CO2 for the agricultural 
irrigating water and wastewater disinfection. However, with a small scale and the batch 
model, caution must be applied, as the further inactivation effect has not deeply investigated 
to continuous model.  
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Next chapter summarizes all obtained results in this dissertation and 
gives the conclusions and a further outlook trend. 
Chapter VI 
CONCLUSIONS AND FUTURE WORK 
6.1.  SUMMARY 
 In this investigation, the inactivation effects of pressurized CO2 microbubbles on 
disinfection efficiency against microorganisms (including bacteria and viruses) and other 
related aspects of the pH role by dissolved CO2 in inactivation mechanism, temperature, 
pressure and environmental water samples were investigated. The significant findings can 
be categorized into five following major groups and on Table. 6.1. 
Bactericidal & virucidal effect of pressurized CO2: the most obvious finding to 
emerge from this study is that CO2 microbubble is the more effective to inhibit E. coli cells 
than N2O and N2. For example, under identical treatment conditions at 0.7 MPa and room 
temperature, a greater than 5.0-log reduction in E. coli was achieved by CO2, while 3.3 log 
and 2.4 log reductions were observed when N2O and N2 were used, respectively. Moreover, 
high pressure CO2 was found to be the high viricidal effect. 
reduction of nearly 4.0 log in the former and more than 3.3 log in the latter were achieved 
by CO2 at 0.7 MPa, while approximately 3.0 log reduction was observed for phage MS2 and 
The lowered pH caused by pressurized CO2: a comparison of the inactivation 
effects of pressurized CO2, N2O, air/a common acid and CO2/buffer solution against 
2 plays an 
important role in their virucidal effects. Treatment with other systems had a lesser inhibitory 
effect than treatment with CO2. Namely, air/HCl and pressurized N2O were used to treat 
MS2, the log reductions were greater than 2.0 log, whereas treatment with pressurized CO2
with and without buffer material induced reductions of over 1.7 log and approximately 2.6 
log, respectively.  
Intracellular release and cell damage: the high levels of nucleic acids and proteins 
was measured based on the absorbance of samples at 260 nm and 280 nm within the first 10 
minutes. Under SEM observation, no cells could be identified after treatment with CO2, 
while no or only a few cells appeared broken with treatment of other gases.  
Pressure/temperature: a pressure range from 0.6 MPa to 1.0 MPa and temperature 
of 13 C to 28 C were investigated for inactivating E. coli and bacteriophages. Strong 
evidence of high inactivation effect of CO2 on microorganisms were found when the 
pressure and temperature increase. The performance of CO2 inactivation against E. coli 
reached 4.7-5.2 log at 0.7-0.9 MPa. Whereas, the reduction log from 3.5-4.5 for T4 and 2.6-
3.7 for MS2 were observed at 0.6-0.8 MPa, respectively. Both of these phages were strongly 
inhibited at 0.9 MPa, approximately 5.5 log. There was a ligh difference for inactivating 
174 and  when only 2.7 log ( ) and 2.4 log ( ) were attained at 0.6 MPa, but 
both were highly inactivated at 07-0.9 MPa, for example, 2.8-3.2 log for  and 3.6-4.2 
log for 
Table 6. 1: Summary 
Objectives  Outcome 
Comparison of inactivation 
effect of different 
disinfecting gases 
CO2 > N2O > N2
Bactericidal effect  A over 5-log reduction of E. coli was achieved by 
pressure CO2 at 0.7 MPa/20 min. 
Virucidal effect At 0.7 MPa, a reduction of nearly 4 log for T4, 
over 3.3 log for  and approximately 3.0 log for 
MS2 and 
Release of intracellular 
substances 
Nucleic acids and protein were leaked under CO2
treatment 
Membrane damage By SEM observation, E. coli cells could not be 
identified  
Effect of pH caused by 
dissolved CO2
|CO2| > |N2O| > |Air/HCl| > |CO2/buffer| 
Pressure effect Increased pressure accelerated the inactivation 
effect of CO2. Pressure of 0.7 MPa was found to 
be suitable for water treatment system. 
Temperature effect Increasing temperature lead to increase 
inactivation effect. The temperature range from 
20 C to 25 C was indicated to be effective for 
inactivation. 
Environmental water effect Distilled water/ artificial ground water > effluent 
treated wastewater 
Inactivation effect may depend on the 
characteristics of real wastewater (SS, turbidity) 
The correlation of inactivation effect is related to temperature. At low temperature 
(13 C), only 2.0 log of E. coli and MS2 reduction were conducted at pressure of 0.7 MPa. 
This effect changed at higher temperature, the reduction log of 4.5 for E. coli, 2.7 log for 
MS2 at nearly 20 C and 2.8-3.0 log for  at 18-22 C. Especially, no survival cell of E. 
coli was observed after 20 min at 27 C and around nearly 3.5 log of MS2 and was 
inhibited at 28 C.  
Environmental waters: the inactivation effect of pressurized CO2 on E. coli in 
different water samples still reaches at high reduction level. While 3.5 log of E. coli
inactivation was achieved in effluent treated wastewater, nearly 4.5 of reduction log 
happened in the distilled water and artificial ground water. This change is due to the 
turbidity and suspended solids in wastewater sample.  
6.2.  CONCLUSIONS 
 It was also shown that the following conclusions can be drawn from this study: 
These present results confirm previous findings in the field of food preservation and 
contribute additional evidence that suggests pressurized CO2 may be applied in water 
treatment.  
The decrease of pH in water and high diffusivity and high solubility induced by 
treatment with CO2 is considered to be the most effective factor leading to its microbicidal 
effects.  In addition, the physical factors (high pressure, pumping cycle) support and 
accelerate to microbial inhibition.  
E. coli cells, T4 and 2 microbubbles, 
 may be lesser sensitive to CO2.  
Increasing pressure and temperature leads to the adjustment of CO2 state and have a 
strongly effect on the microbicidal efficiency. However, the suitable operating conditions  to 
inactivate above target microorganisms found in this study are the pressure of 0.7 MPa and a 
temperature range from 20 C to 25 C.  
A little difference of inactivation effect between the real wastewater and laboratory 
wastewater (distilled water and artificial wastewater) revealed that this method has the 
potential application for water treatment. A secondary disinfectant such as chlorine, 
chloramines or chlorine dioxide may be used with pressurized CO2 for a complete 
disinfection system. 
6.3.  CONTRIBUTIONS TO KNOWLEDGE 
High inactivation effect of pressurized CO2 that this investigation has identified 
therefore assists in our understanding of the new role of CO2 in water treatment. These 
findings were originally inherited from the discoveries of using high pressure CO2 to 
inactivate pathogens in food industry. Carbon dioxide on the other hand is safe to handle (it 
becomes active only when dissolved in water, no special alloy or plastic distribution piping 
is required for CO2 system, CO2 leaks dissipate safely into atmosphere) easy to apply, 
efficient, relatively low toxicity and naturally abundant. Once CO2 can be withdrawn from 
the environment, applied in water treatment and returned to the environment, this method is 
considered to be ecologically safe.  
Whilst the present disinfecting methods are facing to the problems with disinfection 
by-products, use of pressurized CO2 for the target inactivation of pathogens does partially 
substantiate no forming the residual toxicity.  
6.4.  LIMITATIONS OF THE CURRENT RESEARCH 
 A number of caveats need to be noted regarding the present investigation. The 
current research was not specifically designed to evaluate factor related to intracellular pH 
of inactivated cells. This, if done, can give a convince explanation for the deaths of 
microorganism by high dissolved CO2. In addition, experiments of CO2 treatment have been 
performed under the only batch system and raw water samples that almost of distilled water. 
Thirdly, the study did not specifically evaluate for the inactivation mechanism of virus.  
6.5.  FUTURE WORK 
 The issue of successful inactivation by CO2 treatment in this study is an intriguing 
one which could be usefully explored in further research. It is recommended that further 
research be undertaken in the following areas: 
Further investigation and experimentation into intracellular pH is strongly 
recommended.  
Considerably more work will need to be done to determine the inactivation 
effect of pressurized CO2 on the real wastewater as well as more trials to better understand 
the inactivation mechanism of virus. 
A future study investigating on a continuous system to inactivate by 
pressurized CO2 microbubbles would be very interesting. 
This information can be used to develop targeted interventions aimed at bio 
solids, a kind of biological sludge containing pathogens with high water content.  
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